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PREFACE 

This second part of the paper "Fluctuations of Wet and Dry 

Years " refers only to the analysis of data by serial correlation in 

the study of patterns in seque nce of annual river now. annual eUective 

precipitation, and annual precipitation. The other parts will contain: 

the analysis of patterns in sequence by ranges , by runs, and by variance 

spectrum (power spectrum); the effect of inconsistency and nonhomo ­

geneity in data o n these patterns; the effect or selected beginning ot 

year; and various relationships among statistical characteristics . 
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ABSTRACT 

Serial correlation analysis is applied to investigate the patterns 
in the seque nce of series of a nnual rive r now, annual effective precipita ­
tion and annual precipitation at the ground. Four large samples of series 
are used as research material: (1) first large sample of river gaging sta­
tions (140) from many parts of the world ; (Z) second large sample of river 
gaging stations (446) from Western North America; (3) large sample of 
precipitation pgin g stations (1141) with consistent and/or homogeneous 
data from Western North AmeMca; a nd (4) large sample of precipitation 
gaging stations (473) with inconsistent and/or nonhomogeneous data from 
Western North America. 

Statistical techniques and final expressions for the serial correla­
tion analysis are given in summary form in Chapter B. Analysis of the 
first sample of river gaging stations is the subject of Chapter C. Analysis 
of the second large sample of river gagina: stations and the large sample of 
precipitation gaging stations with homogeneous data is the subject of Chapter 
D. Effects of climatic conditions on serial correlation are discussed in 
Chapter F. A brief study of the effect of inconsistency and/or nonhomogeneity 
in precipitation data is given in Chapter E. 

The carryover of wate r from year to year in river basins, which is 
disposed of in successive years either by river runoff or by evaporation and 
evapotranspiration. is the main factor of time dependence in series or annual 
river now, annual effective precipitation, and annual precipitation at the 
ground. A factor worthwhile of further study is the nonhomogeneity and/or 
inconsistency in hydrologic data of river now and precipitation. 

There Is no statistical evidence that cycl es exist in river now or 
precipitation time series beyond the astronomic cycle of the year. Moving 
average s c hemes in general and the Cirst and second order autoTeeressive 
schemes (Markov linear m athematical models) in particular fit sufficiently 
well the patterns i n the sequence oC annual river flows of river basins with 
large water carryover. 

Ix 



FWCTUATIONS OF WET AND DRY YEARS 

PART II 

ANALYSIS BY SERIAL CORRELA nON 

By: Vujica M. Yevdjevich-

A. INTRODUCTION 

1. Summar~ of Part I. Part I deals with the 
assembl,)' of researc data and with the mathematical 
models of this study of fluctuations of wet and dry 
years . 

Two large samples of river gaging stations, 
one on the global and the other on the continental sarcple 
scale have been described as the research material for 
the analysis of patterns in sequence of annual river now 
and annual effective precipitation. Two large samples 
of precipitation gaging stations, one with the homo ­
geneous and the other with the nonhomogeneous data, 
both on a continental sampling scale, ha.ve been des­
cribed as r esea r ch material for the analysis of patterns 
in sequence of annual precipitation. More information 
in a summary form about these samples is given in 
the analysis of serial correlation of each sample. The 
reader is r e fe rred to Part l. Colorado State University 
Hydrology Paper No. 1 [ J j-- for all detailed informa­
tion about the samples which are used in Part II. 

Mathematical models as derived in Part I are 
the basis for this investigation of patterns in sequence 
of annual flow, annual eHective precipitation and 
annual precipitation by using a serial correlation anal­
ySiS. 

Z. Definitions. The serial correlation co­
efficient r k 01 the order k , or of the lag k • is 

defined as the product-moment currelation coefficient 
between the members of a dis crete time series that 
are k items apart from one another. The serial 
correlation coeffiCient sometimes is abbreviated here 
as s. c. c . for the sake of shorter text. 

For the series of annual flow. annual erIec­
tive precipitation and annual precipitation. the co­
efficients r k are computed for the stations of this 

study among all members Xi and xi+k ' where 

i = I, Z, 3, ... (N-k). with N the sbe of time 
series, k the lag of s . c. c ., and Xi (and xHk ) the 

standardized values of the time series X . The num­
ber of correlaled pairs (xi' xi +k) is N-k. The 

greater k for a given N, the smaller is the number 
N-k of correlated pairs. These s. c. c. refer, there­
fore, to an open time series as distinguished from a 
circular time series (the last member of time series 
xN is followed by the first member x I ' and again 

x Z ' x 3 · ···)· 

-Professor-tn-charge of Hydrology Program, Civil 
Engineering Department, Colorado State UniverSity. 

-·References are deSignated by these brackets and 
given at the end of the paper. 

The discrete graph of s. c . c. r .L.; against 

the lag k is the correlogram. 

The term "autocorrelation" refers here to 
the correlogram and correlation coefficients of a 
continuous time series . Assuming a continuous 
hydrograph of river now or finite length, its correlo­
gram is an autocorrelation correlogram with the 
equation r

t 
• f(t). where r

t 
is the autocorrelation 

coefficient (a. c. c.), and t the time lag between the 
cor related values Xs and X

SH
• Theoretically, 

there is always in this case of continuous time series 
an infinite number of ordinates, regardless of the 
finite size T of a time series. 

The symbols r
k 

and r
t 

are used here for 

finite time series of lengths Nand T , respective­
ly for a disc rete and a continuous time series. These 
values are co nsidered as the best estimates of popu­
lation values. When a reference is made to the time 
series of infinite length (referred to the total popula­
tion of all possible observations). the serial correla­
tion coefficients and autocorrelation coefficients are 
designated as Pk and Pt respectively for a discrete 

and a continuous time series. 

The autocorrelation function is defined here 
as the mathematical expression which describes 
analytically the continuum of autocorrelation co ­
efficients r t or Pt . The correlogram of a discrete 

time series is a discrete series. The expression 
"autocorrelation function" will also be used. if a 
continuous mathematical function is fitted to the diS­
crete correlogram of s. c. c. 

3. Conditions of s tationarity. It is assumed 
here that the tim e series are stationary, except 
when the contrary is stated. All hydrologic tim e 
series ha.ve a s mall degree o f nonstationarity. It 
comes either from man-made changes in river basins 
and around precipitation gaging s t ations or from the 
inconsistency in data. Inconsistency is conceived as 
systematic errors in data in form of trends or jumps. 
or the systematic difference between the values in 
nature and data on the desk. 

By the selection of stations in this study, 
an attempt was made to eliminate the records with 
known or supposed high nonstationarity or to incor­
porate the data which evidently is not stationary in a 
special sample of nonhomogeneous data (second large 
sample of precipitation data in this study) . However, 
the anal! degree of nonstationarity which is left in­
side the selected samples of "stationary series," 



and called here "pseudostationarity, " will not serious­
ly impair basic conclusions of the study about time de­
pendence in series of annual flow, annual effective 
precipitation, and annual precipitation. All natural 
phenomena, similar to hydrologic phenomena, obser­
ved or measured with similar procedures and methods 
over a long time and with man - made influence on these 
phenomena, are subject to this pseudostaUonarity. It 
is considered here that the samples of time series as 
selected for this study are stationary in the practical 
sense, or that the nonstationarity or pseudostationar ­
ity when present will not mask the effects of primarily 
physical factors of time dependence. 

Conditions of stationarity which are consid­
ered here as approximately satisfied are : 

(1) The expected value of any Xi in a time 

series is equal to the population mean which is a con­
stant , or 

1.1 

with P(X) the probability distribution of X , and JJ 
the constant population mean. 

(l) The expe cted value of the second order 
covariance for any position in the time series of Xi 

and Xi+k depends only upon k and not on the poSition 

i; or that 

1.2 

with .,.l the population variance, and Pk the popula­

tion s. c. c . of the lag k. These two conditions, if 
satisfied, imply that the time series have second or ­
der stationarity. The next condition is that of ergo ­
dicity (which should be satisfied also); i . e., the time 
average"s converge in probability to theoretical aver­
ages. 

4. Expressions for serial correlation co­
efficients. In practice the serial correlatIon coelli ­
cients are computed either for an open time series or 
for a circular time series. Regardless of whether an 
ope n or a circular time series approach is used. the e 
pression for Pk is 

'k -

cov (xi' xi+ k) 

with cov (x. , x. k) the population covariance. and , ,. 
val' Xi • .,.~ the population variance. The value of Pk 

is usually estimated from the available sample. Two 
approaches may be used in this case: 

(a) Values of the mean and the variance of 
population are assumed as known, so that the esH ­
mate o f Pk from the sample is 

N-k 
.1: (X(J.I) (xi+k -J.l) ,-I 

'k - 1.4 

for an open time series, or with N-k replaced by N 
in eq. 1. 4 for a circular time series; and 

(b) Values of the mean and the variance of 
population are estimated from the sample, or 

2 

1. 5 

with x and s~ the estimates of JJ and .,.' from the 
available sample, respectively, tor an open time 
series, and with N-k replaced by N in eq. I . 5 for 
a circular time series. 

For an independent tim e series and for an 
underlying normally distributed population of x • the 
most efficient estimate of JJ is 

_ I N 
x .. fir 1: "i '-I 

and the most efficient estimate of cr1 is 

I N - l 
sZ " N=I 1: (Xi - xl 

i'" I 

1. 6 

1. 7 

which is an unbiased estimate of .,.~. Under the 
assumption of stationarity of second order, however, 
this estimate of .,.l is no more unbiased. 

An asymptotically unbiased and consistent 
estimate of cov (xi' x i +k) is 

I N-k _ _ 
Ck • N_k.r. (Xi - xl (xi +k - xl 

1=1 
1. 8 

for an open time series or with N-k replaced by N 
for a circular time series. In this case E(Ck) C 

'" .,.lP
k 

+ 6(I/N) . 

A consistent estimate of Pk is, therefore , 

r k " C
k

/s 1 , which is obtained by using eq. I. 5 with 

x given by eq. 1. 6 and SI byeq. 1. 7. This esti­
mate of Pk is not unbiased. Its expected value is 

1. 9 

where 6(~) may be neglected for N , in this study, 

as large as 30 or more. 

In practice sometimes, on the analogy of the 
ordinary correlation coefficient, the estimate of Pk 

is calculated by the followi ng equation 

N-k 
t: (x. - Xi) (x'+k - x '+k) 

i" l 1 1 1 
1. 10 

for an open time series. In eq. 1. 10 the values xi' 

xi +k si' and Bi+k are given as 

N-k 
- I 
xi +k " "'FFJ{ ,1: xi +k ;· ,-I 

N-k 
s 1. I I: (x, - i ,)1. and 
iN=k 11' t= 1 

1. 11 



N - k 
I - )' '.+k1 

• ~ I: (xi+k - Xi+k 1 1''1-'" i - I 
1. lZ 

The above four values dUfe r slightly from i and 8' 
computed by eqs. 1.6 and 1. 7. 

For s mall values of k the estimates of Pk 

by using r
k

'" of eq. 1. 10 give negligible differences 

as compared with r k computed by eq. 1. 5, or even 

eq. I . 9. As it will be shown later, the first one or 
two P

k 
values are the most Important in the analysis 

of patter ns In sequence of annual flow and annual pre ­
cipi.tation. 

The computation of serial correlation co­
efficients in samples In this study was done by using 
eqs . I . 10 through t . 1 Z. A greater amount of bias is, 
however , introduced when eq. 1. 10 1s used instead of 
eq. 1. 5 for the computation of r k with large k • 

It is assumed here that a replacement of N by N-k 
In equations for estimating the mean a nd the variance 
of distributions of r k or normal independent vari -

abies will account for this bias in the case k is 
large. 

As it is difficult to calculate the distribution 
of r k " of eq. 1. 10, its distribution will be replaced 

or substituted by the distribution of r k comput ed by 

eq. L 5, either for an open or for a c ircular time 
s eries, and either for 1.1 and f1~ assumed as known, 
or for I.! and f1 1 estimated from the sample by e qs. 
1. 6 and 1. 7. The values of k are 0, I, Z, •.• , m, 
where m is the highest value of k selected to be 
computed , but with m usually mu ch smaller than N. 
The negative value of k gives r -k • r k . The 

value of ro is unity, because in this case each Xi is 

cor related with itself. The correlogram starts , 
therefore, from the coordinat e [k= 0, ro " I] and 

decreases both to the positive and negative values of 
k. The Cirst serial correlation coeffi cient (t . s . c . c . ) 
r

l 
is often the most useful in the curre nt analysis of 

hydrologic time series. It is computed by eq . 1. 10 
wUhk " l. 

As the sequence of annual flows cannot be 
taken as repeating itself with the same patterns, the 
closed (circular ) series approach has not been used 
in this study for the computation of r k • However, 

if the lag k is very small, and N is high (1. e . , 
k · 1, Nmin " 30) , the equations developed for the 

distribution of statistical parameters o f circular time 

3 

series may b e used as approximations for dletr~bu­
tions of s tatistical pa'r ameter s o f open time ser les. 

5. Objectives of t his part of study. This 
analysis oC annual flow, annual effective precipitation, 
and annual precipitation by using the serial corr ela ­
tion technique has the follo wing objectives: 

(a) to s how the degree or time dependence 
of each type of time series analyzed; 

(b) to obtain an insight into how this depend­
ence in time series differs from one serie s to other , 
1. e. , to compare changes in depe ndence between 
measured river flow and effective precipitation in the 
river basin and a lso betwee n effective precipitation 
and measured pr-cipitation; 

(c) to infer from the results the m9st appro­
priate mathematical models for this dependence as 
outlined in Part 1; 

(d) to sho w the regional distribution of firs t 
serial correlation coefficie nt , and to get an insight 
into how r l changes from one region to anothe r, a nd 

what may be the variation of future values of r t for 

t hose regions; and 

(e) to investigate the effect of general climate 
(i. e., humid or arid r egions) on time dependence . 

6. Methods used in the analysis . Properties 
of normal independent varIables and of normal depen­
dent variables ot a known stochastic process are dis ­
cussed first . 

Distributions of se rial correlation coeffi cient s , 
and the statistical parmeters which describe these 
distributions from observed time series of annual 
flow, annual e ffective precipitation snd annual pre­
cipitation at the ground are compared with distribu­
tions of normal independent va.riables and their pa­
rameters' respe ctively. Differences are analyzed 
and an attempt is made to explain and r elate these 
diffe re nces to the physical and nonphysical factors . 

Properties of t he first ser ial correlation co ­
effiCient in particular are investigated, because this 
parameter is usually sufficient to describe the time 
dependence in hydrologic series o f annual values. 

Other items concerned with he rein are: an ­
alYSis of correlograms of individual se ries . as well 
as average values of se rial correlation coeffici ent s 
for entire samples; statistical inference, whenever 
appropriate techniques are availab le; discussion of 
regional patte r ns in the distribution of first serial 
correlation coefticient ; and inveStigation o r mathe­
matical m odels for dependent time se ries of annual 
values of flow are investigated for their limitations. 



B. SERIAL CORRELATION OF VARIABLES, 

INDEPENDENT OR DEPENDENT IN SEQUENCE 

ary Time by Herman 
very few statistics in time 
may be evaluated exactly, 
rule rather than the exception. of the stumbling 
blocks in the way of exact analysis is the 'end enect' 
of a finite series, which must usually be neglected, 
the justification being that it is sensible for a short 
series_" Expressions given here for probability den­
sUy functions as well as for expected values and vari­
ances of s . c. c . must be understood , therefore, as 
being only approximatio~s . 

Distributions of serial correlation coefn ­
cients, which are available in the literature, refer 
either to circular time series. (which was a histori­
cal development at the beginning of analyses) or to 
open time series, and two cases are currently treat­
ed: (a) mean and variance of the variable x 1n the 
expression for the estimate of Pk are considered as 

known; and (b) mean and I or variance of the variable 
x are estimated (rom the sample like the covariance 
itself. 

The approximate probability density function 
for r 1 , the first serial correlation coeUicient 

(f. s. c. c.). of a sequence of normal independent var­
iables estimated by eq. I. 4, or with mean 1.1 and 
variance a 1 known (1n a circular time series) is 
given by Dixon (), page I Z5. eq. 3ZZ], which is based 
on derivaticne by Koopmans {4J and Anderson [5}, as 

z. I 

According to Whittle (Z] the result of eq. Z. 1 is valid 
for any of the first few s . c . c . of normal independent 
variables, or for any r k with k r e latively small. 

Moments of the probability density function of 
eq. Z.1 are (3]: 

z. z 

This fu nction is s)"mmetrical and the kurtOSiS is 
M4 /M Z

1 ", )(N+Z)J(N+4). which is approximately) for 

su!!iciently large N (say N " 30).~tandard~ the 
variable r I by setting x '" r I NMz .. r I I/N+Z , the 

density function of x becomes 

r(¥ + I)VN+Z Xl (N-I) /Z 
N+l ~r- (I -If-rrl 

TiT) v r 
«x) • 

·x!fZ ~ 
which converges to e I. Z 1f as N increases to 
infinity , for every fixed x • Therefore, the central 

4 

portion of the distribution of eq. Z. I may be approxi· 
mated by a normal function with zero mean and stan­
dard deviation l /J N+Z, if N 1s sufficiently larie 
(say )0 o r more), except near the extremes of the 
interval ( -1, + 1). Dixon has shown also [3, page 
IZ6. eq. 3. ZI) that in c:ase the mean and variance of 
x are estimated from a sample by eqs. 1.6 and 1. 1 
and r k is computed by eq. 1. 5 for a circular series . 

the moments of probability density (unction of r 1 (or 

for other r k with k relatively small) are: 

- 1 1 -3 
M j '" N- I ; M Z • N+1; M) · (N-i) (N+3) ; 

3 
M4 '" (N+1) (N+3) Z.3 

T hese results are similar to Anderson's [5 J. Ander­
son gives the expected value of r 1 of a circular time 

series with r 1 estimated by eq. 1. 5 in the case 

k .. t , and the mean and variance of x estimated by 
eqs. 1. 6 and 1. 1, as 

Z.4 

but the variance of r 1 in the asymptotic form as 

N - Z 
var r '" ---

I (N-I)' 
Z.5 

Siddiqui [unpublished study . 1951] used the 
following estimate of Pk for large samples and small 
k' 

N-k 
z: (x.-x) (xi +k - x) 

i-I 1 
rk ' ~Nr----------­

I: (X _i )! 
i"l i 

Z.6 

or an open time series approach. For normal inde­
pendent variables, he obtained 

Z. 7 

and 

Z. 8 

with the distribution of r k ' 

Z.9 

For sufficiently large N (say N " 30) the last terms of 
eq. z. 9 in the form ,(I/NZ) may be neglected. 



circular time series of N t wo 
itiirerent levels, 5" and 1%. For the case in which 
PI is estimated by eq. 1.5 and the mean and variance 

of x are estimated by eqs. t.6 and 1. 7, the follow­
ing two equations are obtained: 

r l (5,.) " - 1 ± 1. 645 IN-' Z. 10 N- ! 
and 

r l(1 %) • 
-I • Z. 3Z6 IN-' Z.11 N-I 

Anderson gives a comparison between the exact and 
these approximate values of significance points for 
positive and negative tails for 5,. and 1% level and for 
N • 4 5 and N · 75. The differences are shown to 
b~ relatively small. He recommends the use of exact 
values for N < 75 , and normal distribution values 
for N > 75 . Dixon has shown that the normal approx­
imation may be used for N somewhat less than 75 , 
beca.use differ ences between the exact and approxi­
mate values in Anderson's table are greater since he 
used an asymptotic second moment, as given by eq. 
Z. 5, and not that given by eq, Z,3, Dixon, using the 
Pearson Type I approximation and the first two mo­
ment s of eq. Z. 3 obtained as the distribution of r I 

the fitted curve 

P -I q- I (I +r ) (I - r) 
f(r , ) " 1 1 

B(p, q) Zp+q - ' 

in which 

- (N-~ (N-Z). - ~m-M p - i( -3) ,q - -

and B(P. q) is the Beta- function with p and q 
parameters. 

Z. 1 Z 

Z. 13 

The camp!. rison between exact values, values 
obtained by Pearson Type 1 approximation, and 
values obtained by normal function approximation for 
5% point and t% point is given below for both positive 
and negative tail. This comparison is based on ex ­
preSSions given by Dixon [3, page I Z7), for r I 

estimated by eq. 1.5 with k · 1, and the mean and 
variance of x estimated by eqs. 1. 6 and 1. 7 for a 
circular time series, The sample size used is N .. 30, 
which is the minimum value used in this study for 
series 01 annual flow and annual precipitation, This 
comparison is 

Positive tail, 51! l22:int 

Exact Type I Normal 
O. Z57 O. Z57 O. Z55 

P ositive tail! 11! l22:int 

O. 370 O. 37 J 0.375 

Negative tail, 5% point 

0. 3Z4 0. 3Z4 0. 3Z4 

Negative tail! 1,. 2Qint 

0. 4 33 0.4 33 0.444 

5 

Differences decr ease with an incr ease of N, 
so that fo r N '" 75 there is practically no differe nce 
between the th ree va lues. As t es t s in hydrology do 
not go to a point below 1", but are s t opped u sually at 
the point of Z. 5% or 5%. it can be assumed that the 
normal distribuUon Is a sufficient approximation lor 
all necessar y tests in the case of norma l independent 
variables (nUll h~pothesis for r k ) even when N I 30 . 

I! eq. 1. 4 is assumed to have been used for the esti · 
mate of P

k 
(sufficiently long time series), the nor -

mal function approximation to eq. Z. I and the lirst 
two moments of eq. Z. Z may be used for the test of 
significance of the computed r k if tail point is not 

below Z. 5% . Equation Z. 9 may also be approximate d 
by a norm a l function, if N is sufficiently large (say 
N ,.. 30), and the tail point test Is not below Z. 5,.. If 
the point is smaller than Z. 5% (say I"). Fisher ' s 
z-transformatlon of r k may be used. In this case, 

the normal function for z a nd s(z) may be applied, 
where s(z) is the s t a ndar d deviation of t he z -t r a ns ­
for m . 

Assu ming P '" 0 in a simple linear correla ­
tion of two variables, t hen according to Fisher [6 J 

Z. 14 

T his equation is Similar to eq. Z. 1 except that the 
power is (N - I) I Z in eq. Z. I with a different con stant 
part. Equation Z. 1 becomes equivalent to the above 
equation if N in eq. Z.1 is replaced by N-3. There­
fore, Fisher's z - transformation (usually applied to 
Simple correlation coeUicients) may be applied also 
to serial correlation coefficients , if N is repl aced 
by N+3 in eq, Z.14. The currently used Fisher's z­
transform is 

1 I+r 
Z • I loa: e -r:r 

with the expected value 

t ~ E(z):::I'!loie i _p 

T he variance of z is given by 

var z "' -if-J . 

Z. 15 

Z. 16 

Z. 17 

For serial correlation coeffi cient with s m all 
k of an open time series, N in eq. Z. 14 s hould be 
replaced by N+3. In this case 

I 
var Z "'N Z. 18 

givel3 the e stimate of the variance of z -transform of 
the serial corr elation coefficient r k for t he first few 

k values . 

For a large number of series and for normal 
independent variables, the values r k of k relatively 

smsll in comparison to N are normally dist ributed 
in the range Z. 5% a nd 97 . 5% of probability for N at 
least 30. To test whether or not the s . c. c. ' s, r k ' 

are significantly different for an observed series f r om 
those of nor mal indepe ndent variabl es, the Z.5"!o and 
97 , 5% tail levels are usually det ermined from the nor­
mal function in t his s t udy. The t est of Signifi ca nce 



will be designated as that at 95,. level. 

The number of stations of flow or precipita­
tion in this study is n. Individual stations have 
records of different length N . . There is, therefore, 

J 
a need Cor computation of the weighted mean and the 
weighted variance of r k Cor both the observed series 

and the normal indepe ndent variables . For observed 
series the mean rk is computed in two ways; 

(a) Simply as 

_ 1 n 
'k " - 1: r k , 

n j_1 J 

where r kj represe nts the r
k 

value for the J-th 

station with the sample Size N.; 
J 

l.19 

(b) As the weighted mean by using different 
sample sizes for time series as 

l . lO 

thus giving a larger weight to r
k 

values for series 

with long records . 

The variance of r k for a sample of n sta­

tions, and N
j 

which is changing from station to sta­

tion, is also computed in two ways; 

(a) Simply as 

varr . !' 
k n l. Z1 

by using either n values in ungrouped r k value 

approach. or using the frequency of r
k 

intervals 

in the grouped r k value approach; and 

(b) As weighted variance , 

n n 
var r k " 1: N.(rk. -rk - )~I t; N. l . Zl 

j a il I j _lJ 
n 

For a sample of stations the value 1: N
J 

is a constant. 
J"1 

For normal independent variables (or bench­
mark variables) the mean r k " 0, if eq. 1. 4 is 

assumed to be used for the computation of r k . If 

eq. 1. 5 or its approximation ego 1.1 0 is used for the 
estimates of Pk ' the mean rk is computed in two 

ways; 

(a) By using the average length Nm of 

series for a given sample of s t ations and eq. l.4 as 

l.ll 

and 

(b) By using the weight N
j 

and eq. Z. 4 as 

6 

n N. n 
:& --...l...- I :& N. 

j " ! t-Nj j - l J 

When eq, Z.7 is used, there also are two cases; 

(a) By using the average length N
m 

of 

series with r • - liN and k m' 

(b) By using the weight N
j 

as 

_ 1 n I 
rk * ·-nj~ I 'Nj 

Z.U 

l. l5 

The variance of r k for normal independent 

variables with given n • and the weight N
j 

, is 

computed also in two ways; 

(a) By using the mean length Nm and 

equation l. Z 

or Nm and eq. l. 3 

2. Z6 

1 
var r k " N+T Z. l7 

m 

(b) By using the we1a:ht N
j 

and eq. Z. l 

n N . n 
var r k ".1: N.~Z I z: Nj J '" t J j - t 

Z.za 

and the weight N
j 

and eq. l. 3 

var r
k Z. 19 

_ For testing the significance whether the 
mean r k or the mean rk* of an observed sample 

of series (n series) is or is not Significantly different 
from the corresponding means rk or r

k
- of nOJ:"mal 

independent variables; the normal distribution of 
means of normal independent variables is determined 
by using the variance 

- 1 var r k ", i1var r k Z.30 

and similarly Cor rk - by replacing r k in eq. l.30by 

r k-· In eq. l.30 var r k or var r k- is given by 

respective e'!pressions oC eqs. Z. Z6 through l. 19. 
The values r k and r k - are assumed to be normally 

distributed about Pk or Pk- ,respectively. 

3. Non-normal variables. Bartlett r 7] has 
Shown that for large samples the variance and covar­
iance of r k are independent of the distribution of x 

under fairly wide conditions. According to Quenouille 
(8J ''this means that their jOint distribution function 
obtained (or normal independent variable will often 
give a good approximation for nonnormal independent 
variables, and can be used as the basis for any test 
of the correlogram. " In general. if the kurtOSis of 



the nonnormal distribution is around 3 (or excess 
around zero), the above stat.ement is valid. Usually 
t his condition is satisfied with variables like annual 
flow a nd annual precipitation. It can be assumed, 
therefore, that the distribution functions of annual 
flow or annual precipitation are nearly independent 
of the properties of s. c . c . of their series . Further­
more, the significance test of these properties may 
be carried out regardless of whether or not the dis­
tributions of flow or precipitation are skewed. 

4 . ~~~~~~~~ ~~~~~i~~~'~O~'~f~f~icients of ~ ~ are approximately same as 
of normal dependent variables, so that it is sufficient 
to investigate the latter case. 

The general mathematical model which re­
lates V- and P

e 
-series [ 1, page 13. eq. 10] as 

affected by water ca rryover in river basins (which 
storage is bound to flow out of river basins either by 
surface or underground flow) is 

v " n 
Z. 31 

with Vn the annual flow of the n-th year: P n -
j 

the 

annual effective precipitation of (n-j)-th year, or j ­
years preceding the n-th year; bj the coefficients; 

en a random component which takes care of the fact 
that bj coefficients are only the average values. The 

bj coefficients should satisfy six conditions [ See Part 

1, 1] . The main ones are: sum of b. coefficients is 
J 

unity: all are positive: and they decrease monotonically. 

The general moving average scheme of eq. 
Z. 31 embraces simple mathematical models like. 
autoregressive linear schemes of the first and second 
order (Markov first and second order linear models), 
and similar models. 

Assuming that en in eq. Z. 31 is zero, and 

that (Pi ' is a sequence of mutually independent vari ­

ables, which replaces P n-j variable in eq. Z. 31, 

this equation may be transformed by a recurrence 
procedure in V n as function of V n - j values . Thus 

eq. 2.31 for boP n • E: n becomes 

2. 3Z 

in which 

a, 

7 

b ' 
_ -'-

b ' o 

3b 1
Zb Z +---

b ' o 

etc . 

These coefficients a
j 

do not decrease monotonically; 

they may be either positive or negative, and their 
sum is not unity. It should be stressed that the a j 

coefficients have been derived from b . coefficient 

under the assumption that P n-j or {#i} in eq. Z. 31 

are mutually independent variables. It will be shown 
later that P n-

j 
or {Pi} are not actually mutually 

independent variables. 

Replacing {Vn} in eq. 2.31 by a sequence of 

dependent standard normal variables {xd . and 

{Pi} by a sequence of independent standard normal 

variables { yJ ' and putting en . ~ 0, eq. Z. 31 be­

comes 

Z. 33 

The relationship of 13k and bk coefficients in this 

case is 

P' "[oo ]1 11 1: b. Z 

j=o J 

Z. 34 

because the ratio of standard deviations of {Pi} and 

{V d variables in eq. Z. 31 is 

II[.~b.'l II' 
Since 

} - o J 

00 
1: b . .. I 

j=o J 

var Xi • var Yi 1, 

I . 

It follows from eq. 2. 33 also that 

Since Pk E(XiXi+k), then 

00 

1: /3./3'+k 
j=o J J 

00 

1: b .b ' +k j=o J J 
00 
1: b. 1 

j=o J 

Z. 35 

Z. 36 

Z. 37 

The mathematical expression of eq. Z. 31 
requires that .Bk > 0 for all k, with .8

0
> 0 • 



According to eq. Z. 34 the condition 

a> [a> ]-1/ 
~ ~k ~ ~ b,' > 1 

j - o j - o J 
1.38 

a> 
must be also s atisfied because ~ b' 

j1l0 j 
i s smaller than 

unity. 

The s pecial cas e of eq. Z. 3Z is the first 
order linear autore ressive scheme (Markov first 
order near mo e , or whic eq. Z. 32 is expres s ed 
with only one term under summation. Putting a 1 " p 

and j"'l in eq. 2. 3Z, this sche me becomes 

2; . 39 

where p " PI is the first serial correlation coeffi­

cient of the variable )I.: • Inserting for Xi and "HI 

the corresponding values from eq. Z. 39 into eq. Z. 33, 
which substitution implies that t: i " fj oy i for all i, 

then 

For conditions of stationarity jpj is smaller tha n 
unity. Since 

Equation Z. 31, with the values (or fj j and fj j+k 

given by eq. Z. 40, becomes 

P
k

" pk 

Z. 40 

Z. 4 1 

As fjk > 0 , then I > P > o. In this csse P is 

estimated by the first s e rial correlation coefficient 
r

l 
of the sample as 

N-I 

Z. 4Z 

Since P
k

" pk the correlogram is of an exponential 

type, with Pk decreaSing asymptotically to zero as 

k increases to infinity. 

According to Madow [9 J and Lelpnik [ 10] 
for p in eqs. Z. 39 and Z. 40 estimated by eq. Z. 4Z, 
if N ~ ZO, the distribution of r 1 (! r) is 

Z.43 

with 

8 

E(r) • {1;" (
• 1 + N(N+t)p1 

and E r I - N+! (N+Z) (N+4) Z. 44 

a nd 

I N(N -Zl~l 
var r " N+Z - {N+z)i ( +4) Z.45 

Quenouille [ 11 ] states that the transform 
-1 - I z .. tanh r, with ( .. tanh p is approximately 

no rmally dis tributed with 

a nd 

p +~ 
E( z) " ~ - N( I_pii) ~ 

which requires the knowledge of p 

Quenou ille [ I ZJ and White [ 13, 14] use 
t-transform of r as 

which is distributed a s 

r(t) • K(t ) [I 

whe r e 

pt 1 
[t1 + (N+ I)( I- pl)J1/ 2 

r{N J [ t' J-(N+') I' 
1"" + ll+N+i 

tiN ~ 1] /11 (N+I) 
K(t) 

Z. 46 

Z. 47 

Z.48 

Z.49 

Z.50 

which is the Student t -distribution with N+l degrees 
of freedom. To test the hypotheSiS that PI • 0 , eq. 

Z. 43 with P " 0 may be us ed and the Student t-distri ­
bution with N+l degrees of freedom applies for a 
two-sided test . A knowledge of the mean is required. 

To s how the applicability of the model of eq. 
Z. 39, it is assumed here that the flow recession 
curves at the end of water years are approximated oy 

-ct 
an e xponential curve of the type Q . ~e [ 1, p. 

19]. The b
j 

coefficients are relative areas (area 

divided by total area W - Qo/ c) lor t between 

0 -1 (b
o

) , 1-Z(b 1), Z-3(b2), etc . In this c ase the b
j 

coefficients are 

1 -~; ~[t -~]; +C[t -~]; *[1 -~l; ' 
eeee ee e a> _ 

and they give I: bj - I :bk - e ~k- l ; and fj k -
j"o 

• e -cfj k_ I ' Substituting x of e q. Z. 3Z into e q . 

Z. 33 and equating the coefficients for Yi ' Yi - !, 

Yi-Z' •.• and using the r elationship 

2. . 5 1 

l 



then fj .. /JoYt; 13 1 • al 13o; aZ • a l Bl + az!3z; 

1> 3:: all1z + aza3 + al4 ; etc. , which give a 1 '" e· c 

a Z '" 0 ; a 3 " 0; a4 " 0 ; etc. The simple exponential 

curve titted to recession curves of flow leads to the 
first order linear autoregressive scheme of eq. Z. 39 

-c ·ck 
with PI " e ,because a l " PI ; and Pk:: e 

The next special case is the second order 
linear autoregressive scheme, in which model only 
two terms with a t coettlcients different from zero are 

used in eq . Z. 3Z, or 

Z.5Z 

Substituting the values of x of eq. Z. 5Z into eq. 
Z.33 , and equating coefficient for Yi' Yi. 1 ' . . . , 

then t:i -OoYi; Il l " al l3o; 11k - a1 .B k.1 - aziJk_Z" 0, 

for k " Z, 3, . . . To solve the last equation by finite 

differences, 13 k " i3k is assumed. It gives 

;31 - a 1/3 - a Z '" 0 , or Ul:: a
l 
~ jat i t 4a

Z
' For 

stationarity the absolute value of B must be less than 
one, i. e . 6" r cos 9 + i rsin 9 , with I d< 1. So 

al l + 4a
Z 
~ 0, or 4a Z ~ - a,:, or 

From this cos 0 " a i ' Z~; and 

j '/ , +iO " 4 + a l a z ' sothat "re- , 

,3k. rk(Ae ikO + Be -ikO) . 1: 01' k" 0 , 

A + B • 8
0

; a1 80 " r (Ae -10 + BeiO). 

r{e - iO +e+iO ) '" a l . then 

k 
~ , 

Ok • Sl~ 9 sin (k+l) 0 

a Z is negative. 

ZsinO'" 

and 

andk ~ l, 

A. 

Z.53 

Equation Z. 53 implies that 13 k can be also 

negative when .o;;l n (k+I)O/sinO becomes negative . 
This model is used rt::gardlcss of the Iact that 13 k be­

comes negative when k is sufficiently large . How­
ever, only pos itive values of 13 k are u sed. It is 

assumed that (! k • 0 as soon as it becomes negative . 

The smaller the angle 0, the larger is the lag k be· 
fore Pk becomes negative. Since (k+I)9 should be 

smaller than t for .B k to be positive, then 

k ~ <j - 1). In thIs c ase U 8 is 60' then k ~ Z, 

or '1 Z " 0, and only £1
0 

and a, are assumed as 

positive and dUrerent from zero. This gives 

t _ (4a Z + a l 1)( 1 + a 2){1 + Zaz cos ZO + a/) 

130 - iaz{t - a z)( 1 - cos Z9) Z. 54 

The values a l and a z for the determina ­

tion of 13 0 are obtained from the expression 

2.55 

By using r l and r z as estimates of P, and Pz 

9 

respectively, by putting P-k" Pk 

using values of k - 1 and k " Z , 

found to be 

and po . 1, and 

a l and a Z are 

a, . 
1 • r t 

I 

Z. 56 

with the condition that a Z ::' - a. 1/ 4 must be satis ­

fied if the model is to fit. The multiple correlation 
coertic:ient R is ~stimated by 

t-ZrlZ+Zr t ZrZ r Z
z 

I - R Z :: __ -'---:--'----'~--'-
1 - r 11 

and ~ is also an estimate of 8
0 

• 

The question arises also what should be the 
shape and mathematical function fitted to flow reces· 
sion curves in order that the second order linear 
autoregressive scheme would be an appropriate 
mathematical model for time dependence of annual 
flows. tn general , an expression of the type 

n 
Q _ Q e -ct 

o Z.58 

can be fitted to now recession curves with Qo initial 

now (flow at t he end of the year on the recession 
curve), and c and n the two main parameters, with 
n any real number, usually greater than unity. 
Assuming that the area of this curve from t .. 0 to t .. 
.. CD (Q • Qo to Q - 0) is W, then the bk coeffi-

c ient may be assumed to be 

Subs,Ullt1ng ct n :', then 

Qo I 
b . -~ 

k W nc'ln 

Z. 59 

Z. 60 

which is an incomplete gamma function of I /n for 

given limits ckn and c(k+1)n , with k " 0 , I, Z, 
Using the tables of incomplete gamma function for 

given limits a.nd the coefficient Q /(Wnc l / n), the 
values bo ' b l ' ... may be computed. From b

j 
coeffk:ients thus computed, the a

j 
coefficients of 

eq. Z. 3Z may be determined. If it happens that for 
given values of c and n the coefficient a

l 
is posi-

tive but a Z is negative, while a 3 and a 4 are very 

small, the second order linear autoregressive s cheme 
of eq. Z. 5 Z may be applied. The fact that eq. Z.58 
is usually only an approximation to a group of reces­
sion curves plotted for a rive r gaging station should 
not be overlooked. 

5. Effective number of stations with interstation 
correlation. When such s tatistics as the mean for 
many statlOns or the mean of the means, mean 
variance, mean first serial correlation, etc. are 



studied for river flow or precipitation, the fact that 
these variables are correlated for stations taken pair­
wise (interstaUon correlation) cannot be disregarded. 
The e ffective number ot stations ne for the inter-

station mean X of a statistic x is defined here 
from the relation var i • var xl ne • The effective 

number oC stations ne means that n stations 

which are correlated have the same variance oC x 
as ne stations which are uncorrelated (independent) . 

Correlated or uncorrelated stations In this case Imply 
that the values of a statistic x are or are not corre­
lated, respectively. 

The effective number of stations ne depends 

upon the statist1co.1 parameter under investigation. 
One ne value is obtained for the regional mean, an-

other for the regional mean variance, a third for the 
regional mean first serial correlation coefficient, 
etc., if the same basic variable with the same num­
ber of stations is investigated. 

It is assumed here that P t values of the 

f. s. c. c. for time series of annual flow and annual 
precipitation ot different stations are not independent 
among themselves. Unfortunately, the length of time 
series for most stations is t oo small to permit a 
division of the se ries into several parts for each oC 
the two stations, or to allow the computation of cor­
responding r

1 
values of the f. s. c . c . for each part, 

and then to determine the simple correlation coeCfi­
cient for the concurrent values of r

l
. Therefore, 

the interstation correlation coefficients between values 
oC basic variable x must be used ... 

The expression for effective number of sta­
tions. ne ' of f. s . c . c . is determined here by 

assuming that the same variable is investigated for 
two stations (say annual flow, or annual precipitation) . 
This variable is designated here by x Cor the first 
station and by y for the second station (any pair of 
stations). They are assumed to be standardized 
(mean 0, variance I) . Stations are assumed to have 
series of the same length N . The covariances of 
successive values of two series are 

N- I 

N-I 
• _ _ 1_ ~ 

(N-t) l J-' 

It 1s assumed here that the simultaneous 
values x

k 
' Yk are correlated, while the time lag 

correlation of x
k 

' Yk +s' for s ; 0 , is negligible, 

or that E(x
iyj

):: 0, if if j; and E(XiYj
) ,. P , if i"'j . 

Also the stationarity condition gives that E(xix i + t ) · 

" pt(x) and E(YiYj+t) . p,(y), because Ux z ,. , and 

r1 1:: , 
y 

The value of p is the simple correlatio n co­
efficient among simultaneous values of x and y. 
Then E(XiXi+tYlj+t) ,. P1(x) PJ(Y) , if i 1- j and 

E(xixi+IYjYj+l) S pt(x)PI(Y) + pI, U i" j. The expec­

ted value of the product of covariances is 

+ (N-Z)(N-t)Pt(X)P1(Y)} 

This gives 

, 
" P1(x)P I(Y) +h Z. 6Z 

Z. 63 

'The sample estimates of PI (x) and PI (y) are r t (x) 

and rt(y) , respectively. The expected value of their 

product is 

N - 1 

with 

I: y ,yj+! 
1 l 
N - 1 

Z.61 where CO(x) and Co(y) are sample variances of x 

and y , respectively, and 8(I/N) represents terms 
which are of the order l i N as compared to unity. 
The latter mentioned te rms will be considered here as 
negligible. Now 

which are the first serial correlation coeffi cients for 
x and y , respectively. The expected value of the 
product of these two covariances is 

If the x and y variables are approximately normal ­
ly distributed (Gaussian distribution), then 

· The fallowing equations Z. 6 1- Z. 73 have been derived 
in consultation with M. M. Siddiqui, Colorado State 
University. 

ECO(x) CO(y) 

1 0 

. J.. 
N 
~ 

N' i .. ' 

:: .!... 
N 
~ 

N' i:: t 

N 
I: E(x Zy .l) 

j" 1 i} 

N 
I: [Ex.zEy. z + Z(Ex .y.)Z 1 

j=l 1 J 1 J 

1 
+ 6(Nzl . 2.65 

I 



Finally The statistic r 1 ' or the regional mean of 

the first serial corre lation coefficient for a sam ple of 
serie s , of sample size n , is tested for significance 
by using the following expreSSions, The statistic 

Again, it either PI (x) or PI (y) or both are small, r is 

the second term will be negligible compared to the n 
fir s t . Hence, under these circu mstances, 

Z. 67 

a pproximately. 

Variances of rl(x) and r 1(y) depend upon 

the mathematical model of serial co r relation of x , 
and of y . It is assumed here that the Simple model 
may be used in the form of the first order linear auto· 
regressive scheme. Then the variances of r 1(x) a nd 

r 1(y) are given by eq. Z. 45 in which p l is replaced 

by Pi l(x) and P1
1(Y), respectively for the two series. 

The last term in eq . Z.45 is not negligible in compar · 
lson with the precedi ng t erm which is l / (Nt Z) . For 
N = 3D , and r t (x) or r 1 (y) being a ssum ed equal to 

0. 5 (which are large values for f. s . c. c. of annual 
flow and annual precipitation) , the two terms in eq. 
Z.4 5 are; I /(N+ Z) = 0.0313, and the last term is 
0.00603. The last term is ' 9. Z"fo of the preceding 
term. For small values rl(x) or r t (y) , oraround 

0.10 - O. ZO, the last term in eq. Z. 4 5 may be neglec­
ted. However, due to different values of r,(x) or 

r 1 (y) , the last term in eq. Z. 45 i s retained here and 

approximate:::! by: 

1 f N(N - Z)[P t 2(X)+P I ~Y)11 1 /Z 
'" N+ Z 1- {N+ ij(N+ 4} J Z.68 

with the term [P Il(x)P t l(y)J neglected because of the 

fourth po wer 01 the product Pi(x) and Pj{Y) , 

For Pij designating p[ P 1 (x), PI (y) 1 or the 

corr elation coefficient 01 the f. s . c . c . between two 
stations, it becomes 

Z. 69 

To estimate Pij the value P in eq. 2.69 is estimate d 

by r , product-moment correlation coeffi cient of x 
and y ; PI (x) by r I (x) , the first se rial correlation 

coeClicient of x ; Pity) by r t (y) t he first se rial 

corr elation coeffi cient of y ; a nd N by N
i j 

the 

number 01 s imultaneous values of x a nd y in their 
correlation. 

" 

" 'I ~ 
n 

Z,70 'I 

It s variance is 

var r
l 

var r l = -n--[ 1 + 1: (n-1)" J ' Z.7 1 

where 

n n 

1: 1: P' j' 
is I j=i+ t 1 

- z 
P .. n{n-I} Z. 1Z 

and Pij are defined by eq, Z.69, As seen from eq. 

2 . 69, to estimate Pij one needs the estimates of P 

P I(x) and pI(Y) . These are easily obtai ned from 

the sample s of x and y series . To be more 
specific, let p., deSignate the estimate of p .. , r . . 

~ ~ ~ 
the s imple correlation coefficient between x and y 
series based on Nij observations. and r I (x) and 

r I (y) the f . s . c. c. based on t he same number of ob­

servations, then, from eq. Z. 69, 

N .. +Z {N,. (N,.-Z)[r I
2(X)+ rIZ(YlJ} 

"p .. ......!l.- r 1 I + -"1'--"Ihcr--;'.",.,,,,"",,-,,'---'-' Ij Ni(1 ij Z Nit Z)(Ni /4} 

Finally , the effective s ample she ne for r
l 

is 

e stimated to be 

n • • _--:~n:---:-
1+ r(n - I) 

Z. 73 

Z. 74 

where r is the estimate of P obtained by using eq. 
Z.1Z with Pij replaced by fl lj from eq. Z.73. 

As r l( x) and r t (y) are computed for th e 

total length o f serie s x and y , respectively, and 
not only fo r simultaneous observations in the t wo 
series, Nij , the value r t (x) a nd r I (y) for the 

total series x and y will be used in eq. Z. 73 as 
better estimates of Pt(x) and p t (y) , respectively, 

than r 1 (x) and r I (y) values for s ample Size N
ij

. 

The value lI ij of eq. Z. 73 is a biased value, 

because it is always positive (like the multiple correla­
tion coeffi cient R). Even if the series 01 x and y 
are serially uncorrelated and mutually independent, 
the sampling deviations of r l (x); r t (y) ; and r

ij 
about their true values will produce positive values of 

r t l(X); r t l(y) , and r Ij Z , and therefore, a positive 

'P
ij

• However, if r
ij 

, rl(x) and rj(y) are small, 

their squares are very small also. and they will pro­
duce a relat ive ly negligible positive value of Pij , 

t . 



C. ANALYSIS OF FIRST LARGE SAMPLE OF RIVER 

FLOW RECOR r::s 

1. Method of data analysis. A dilemma 
eldsted when the method for data analysis had to be 
selected: ( I ) to treat initially and separately the 
characteristics of series of annual flow, then of 
annual effective precipitation, and finally of precipi­
tation, and afterwards to study the relationships of 
their individual patterns in sequence; o r (Z) to study 
series or all these variables--either now and effec­
tive p recipitation; or now. effective precipitation and 
precipitation at the ground-- Si multaneously for a 
sampling region, both for their patterns in sequence 
and for their interrelationship . Thi& second meUlod 
has been adopted here for the simple reason that the 
two aspects: patterns in sequence of individual vari­
ables and the relationship between the three variables 
may be best investigated simultaneously in their com ­
plex interdependence. 

2. Frequency distribution of first serial 
correlation coefficient. The number of river gaglna 
station s of the first large sample of river flow re­
cords is t40, so there are 140 C. S. c. c. for the s tudy 
of its distribution. The mean length of these 140 
time series of annual flow (V- series) and annual ef­
fective precipitation (Pe-series) is Nm" 55, and the 
extreme lengths are N , • 37 and N :: 150. 

nun max 

Two cases are analyzed in comparing th ese 
two s e ries with the normal independent variables: (a) 
the average length N • 55 of time series in this 

m 
sample is used as if all series were of that same 
length; and (b) the length N . of a particular series is 

l 
used as a weight of r 1 for that series. For this 

second approach and for the computation of statistics 
of normal independent variables the distribution of 
time length N. of n '" 140 stations is given in fig. 1 

l 
for a grouped data computational approach. 

Average r I -values, variances of r 1 ' and 

the variance of r, are computed by equations 2.19 

through 2.30 by setting k :: I. These were computed 
for each of the three sample series: V, P e' and 

normal independent variables. 

.. -"-. .. - ..... -

Fig. Distribution of the time lengths, N
j 

, for the 

series of the first large sample of river gag­
ing stations (n • 140). 

IZ 

Table I gives the statistics computed for 
the first serial correlation coeflicient for the th r ee 
samples of t ime series . When N

j 
of s eries is taken 

into account for the computation of weighted statistics 
of V-series and Pe-series. the same N

j 
distribution 

was assumed for the sample oC series of normal in­
dependent variables. Table t gives also the equation 
which has been used for the estimation of a particular 
parameter. 

Values in Table 1 show that on the average 
the weighted length N . of series in this first sample 

l 
does not give substantially different estimates of 
statistics o f r 1 when compared with the values esti-

mated by using the average length N
m

. 

Cumulative distributions of first serial cor­
relation coefficient, as well as frequency histograms 
of the r. s. c . c. are given in Fig. 2 in cartesian 
scales for both annu al flow a nd annual effective pre­
cipitation for 140 stations. . 

Figure 3 gives Crequency distributions of 
the lirst serial correlation coefficient r I in car­
tesian-probability scales Cor both annual now (V) 
and annual effective precipitation (Pe). The means 

given are simple averages esti mated by eq. 2. 19. 
Distributions oC r t for normal independent variablea 

with series length N:: N
m

" 55 are given as straight 

lines in these scales for two cases: (a) Mean and 
variance of r I estimated by moments of eq. 2. 2 ; 

and (b) Mean and variance of r 1 estimated from 

moments of eq. 2. 3 by using eqs. 2.23 and 2.27. 

It is necessary to stress that many valuesof 
r I are negative: 16 (or 1 I. 4,.) In the V-series and 

26 (or 18.6%) in the Pe-series, as it is shown in 

Fig. 2. Approximate corrections for the water carry ­
over from year to year, made in this study, have 
thus increased th e number oC negative r I values Cor 

annual errective precipitation in comparison with that 
of annual now. 

Shapes oC histograms and curves, ( t) 
through (4) in Fi,g. 2, and curves (1) and (2) in Fig. 3 
show that frequency distributions in their middle part 
are close to the normal distribution, but tails at both 
extremes have an appreciable departure from the 
normal distribution. 

Table 1 shows that the correction of V­
series to obtain P -series by approximate values of e 
the change in carryover llW . ( 1, page 18] decreased , 



TABLE 1 

Statistics of f r equency distribution o f first serial correlation coefficient for 140 stations of annual flow 
(V w series) and of annual errective precipitation (P e - series), as well as for normal irn:lependent variable . 

v _ , c · p - Series Normal Independent Variable 

Statistic s 
Equation Equat ion Equation Equation 

Used Value Used Value Used Value Used 
Simple esti-
mate of mean 2. 19 0.1748 2. 19 O. 1353 2.23 -0.0 185 2.2 
weighted esti-
mate of mean 2.20 O. 184 4 2.20 O. 1336 2. 24 -0.0186 2.2 

Median O. 1600 O. 1150 

Simple esti-
mate of vari-
ance 2.21 0. 0354 2. 21 0.0303 2.27 0.0178 2.26 

Weighted esti -
rna te of var i-
ance 2.22 0.0370 2.22 0.0292 2.29 0.0 179 2. 28 

Simple esti -
mate of s t an-
dard deviation 2.21 O. 1875 2. 21 0.1738 2.27 O. 1335 2.26 
weighted esti-
jrnate of stan-
~ard deviation 2. 22 O. 1920 2. 22 O. 1708 2.29 O. 1335 2.28 

Absolute "'" AbtGlule 
Frequ.ncy of r, ~o_-"c..-"~-''''1'..-'!2..._~O'-~'-_'~O'-.!tOC-'·!E..-.!11OO Frequlncy of r, 

' ,' -"",-""'-C",-,,'--,,O 5 10 15 2.0 2.5 

... 

... ... ... .. 
., 

.. 50 

Mean 0 .135 
Me-dTo; O~I"i:s-- - ----

,.0 

Mean 0 . 175 

- -- -Midian o:iso---, , 
I 4 
I 
I 
I 
I 

f---- 20- 9'" ---­
I 
I 
I 

o 10 2.0 50 40 50 10 1'0 eo to fOCI 10 '20 150 140 
Number of Itotionl n 

9 

21 

Value 

a 

a 

0.0 176 

0.0 176 

O. 1325 

O. 1325 

Fig. Z Cumulative distributions and frequency histograms of the !irst serial correlation coeffi cient for the 
series of the first large sample of river gaging stations (n & 140) : (1) frequency histogram of the 
V-series; (Z) frequency histogram of the P -series; (3) cumulative distribution of the V-series; and . , 
(4) cumulative distribution of the P e -series. 
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the mean value PI' estimated by the simple average 

r , As Y _ P + ~W , and since P and ~W are 
l ee 

not mutually independent, it is not simple to determine 
how much serial correlation in Y·series is aHected 
by each of these two variables, Differences in r , 

are given here for y. and P -aeries: 
e 

r , (V). r l (p
e
) .. 0, 1748·0 , 1354 - 0,0395- 0,040 

The weighted means r , .(V) and r , .(Pe) are a little 

different from the simple average values; in this case 

It can be concluded that a substantial part 
of the positive correlation in Y·series may be attri· 
but ed to the Changes ~W in water carryover from 

year to year in river basins in the form of stored 
water which is bound to flow out through the river in 
subsequent years , 

Distributions in Figs. Z and 3 and compari · 
sons oC their parameters show: 

( I) that the means of r, Cor y . and PeP 

ser ies depart from those of normal independent vari· 
abIes; 

(Z) that distributions of r I in cartesian · 

probability scales for the range ZO% • 95"/0 for both 

, 

.> 

Fig . 3 

........ 

Cumulative distributions of the first serial 
correlation coefficient for the series of the 
£irst large sample of river gaging stations 

In" 140) in cartesian·probability scales: 
1) V·ser ies; (Z) P e ·series; (3) normal in-

dependent variables, with the mean PI esti· 

mated by eq. l. 3 and Z. Z3; and the variance 
estimated by eq. Z. Z7; (4) normal independent 
variables, with the mean PI estimated by 

eq. l . l, and the variance estimated by eq. 
l . l7; (5) fitted straight line which is parallel 
to linesJ3) and (4) and passes through the 
mean r 1(V); (6) the same as under (5) but 

for Pe·series and r 1(Pe)' 

14 

V- and P · series may be appr oximated by s traight 
e 

l ines of the same s lo pe as the dis tributions o f r, for 

the corresponding normal independent variabl e of 
equivalent sample lengths; 

(3) that distributions of r t for V· and P e­

series are skewed; this should be expected for r , ­

distributions if the population values of PI were dif· 

ferent from zero in the case of normal dt<pendent vari· 
abIes; and 

(4) that some general conclusions about pat ­
terns in sequence of annual now and annual effec tive 
precipitation may be derived from this large sample 
of river flow records . 

Figure 4 shows r , (V) and r I (P e) as 

Fisher's z·transrorms plotted in cartesian-probabi · 
lity scales. It still shows like Fig. 3, that the er­
tremes of r , -distributions for both V· and P e ·series 

depart from normal independent variables with 'i' 
estimated by eq. Z, 15, p estimated by r

l
, and 

var z by eq. Z. ' 8 The slope of the straight lin es 
in Fig. 4 is s tjIN. " 0 . 135 for N - 55 . e m m 

When the first serial correlation coefficient 
is estimated by eq. 1.5 or approximately by eq. 1. 10, 
the value of p 1 for a normal independent variable 

may be estimated by eq . Z. Z3 as ; 1 _ · 0.0 185 for 

the mean N "55. or ;-. " - 0. 0194 for the weighted 
m I 

N
j

. The mean of the Ls.c.c. r,(V) or r , .(V) 

for annual flo w (Y·series) departs from the corres· 

.n 

_0. 

Fig. 4 Cumula tive distributions or Fisher's z·trans· 
form of the lirst serial correlation coefficient 
for the series of the fir s t lar~e sample o f 
river gaging stations (n - 140) in cartesian· 
probability scales: ( I ) z · transform or r 1 for 

V·series; (Z) z·transform or r l for PeP 

series; (3) straight line fit to z · transform 
of V- series; and (4) straight line fit to z­
transform of P e -series. 



ponding expect ed values of t he norm a l i ndepende nt 

variables . T he diffe r ence Is .:), r I (V) • r 1 (V) • r 1 • 

"0. 1748 + 0. 0 185" 0. 1933 • 0 , 20 for simple m eans 

r 1(V) and r l . It is .6):1"' · r l(V) - r , "' . + 0, 1844 + 
+ 0, 0 19-4 . 0 . 2038'" 0.20 for weighted means 

r 1 .(V) and r I '" :... Similarl~ the tw~ differences for 

P -series are 6.1' (P )" r (P) - 1', " 0.1353 + e I e I e 
0,0 185- O. 153S_0. 1S4 and t:.1'"t "'{Pe) a l\"'( Pe)-

-r ,"' '' 0, 1336+ 0,0 194 : 0. 153, with or,'" being 

the difference of r
1

'" values com puted by using the 

weighted N
j

. 

The first large sample of river now re­
cords ot 140 stations from several parts of the world 
shows t hat on the aver age t he annual river flo ws are 
serially correlated with the mean value of the 1. s. c. c, 
approximately given by PI • 0.20. The annual effec-

tive precipitation (precipitation minus evapotranapira­
tion on a river basin in a year or the net annual water 
yield of the atmosphere to the river basin surface) has 
an approximate mean value given by Pi · 0 .1 5. 

The water carryover in river basins in the form of 
surface and underground storage which will flow out 
of the river basin as surface runoff in subsequent 
years is responsible for the first serial correlation 
coefficient of annual flow being greater than the 
f. s. c. c . of annual effective precipitation. Since the 
cha.nge in water carryover from year to year is deter­
mined in this study in an approximate way [ I], the 
above average P t - values should be considered also 

as .approximate values. 

Before statistical inference is used to test 
whether or not the means 'FI {V) and r , (Pe) or 

; 1 "'( V) and ; t "'(P ~ are significantly different from 

the corresponding values of normal independent vari ­
ables, the interstation correlation is discussed here 
in general te rms . 

The positive interstation correlation of 
concurrent values of V- or P -series makes the e 
effective size, n , of the first large aam ple of river 

e 
flow records smaller than will be the case H these 
variables were free of interstation corr elation. The 
effective sample size, n , represents that number 

e 
of stations, a smaller number than 140, which would 
contain the same information as the 140 stations which 
have significant interstation correlation. The effec ­
tive sample, n e' might be said to be independent 

ot the interstation correlation. The effect of inter­
station correlation is studied quantitatively in the 
analysis of the second large sample ot river flow 
records for stations In Western North America and 
the first large sample of precipitation stations (same 
continental sampling area). 

Assuming that the mean interstation corre­
lation coefficient of r 1 is not significantly different 

15 

from zero, or that n "' 140, the s tatis tical we-
e 

r e nce can b e carr ied out for the hypothesis that the 

mean values '1 (V) and 1'", (P e)' or i\ «V) and 
rt"'(P e) are significantly different eitner 

from zero or from r I " _0 .020 of normal ind ependent 

variables ; in other words, that the differences 

t; , (V) • 0 2 0 and t:.; (P ) • 0. 15 are significantly 
I· 1 e 

different fro m - 0. 020 at the 95" level of sign ificance . 

The expected value of P t for normal inde­

pendent variables is -;: s -0.0 182 for N • 55. The , m 
variance of r is var r • 0 .0 '78. For the 95"lo , , 
Significance level each tail having the t~al probability 
£" 0.025 , th e confidence limits about r I are 

- V val f l 
,+ \ ---

I - n- l 

with t: 1.96 from tables of normal function for 
£ '" 0.025: and n s 140, number of stations. T h is 
gives two limits, 0.004 and -0.040. The values 

; I(V)· 0. 17 5 and i\(P
e
) . 0.135 are much greater 

than the positive confidence limit 0.00 4. For the ex­
pected value of ; t being zero, then the limi t8 are 

+0. 022 and -D. 022, and still r,(V) and r t (P
e
) are 

much greater than the positive limit O. 022. 

An opposite approach is also investigated 
here. It is assumed that ;1 is barely Significant . 

This means that r I corresponds to the positive con­

fidence limit at the 95 % level of the normal indepen­
dent variables. Since ;1 • 0, t · 1.96, var r 1 '" 

: 0.0178, the positive limits are O. 150 for P e -series 

and +0. ZOO for V-series. Equation 2.7-4 gives the 
effective sample sizes: n

e
" 3. 5 for P e - series, 

and n · 2.9 ror V-series. The fact is that the 
river gaging stations of the first large sample are 
greatly dispersed around the world. It is unlikely 
that the average inters tation correlation of r 1 values 

is large enough to produce the small effective sample 
sizes of Z. 9 and 3.5. 

By using eq. Z. 74 the average interstation 
correlation coefficient of r

1 
is r · (n - n.)/ne( n-I ). 

For n: 140 and n • 2. 9 and 3. 5 respectively, for 
e 

V- and P e -series, the corresponding; values are 

0. 34 and 0. 28. It is shown later that for Western 
North America those two values are much smaller 
than O. 34 or D.28.. The eCCective sample sizes from 
rl for V- and Pe-series must be greater than Z. 9 or 
3.5, respectively, because the sampling of river gag­
ing stations on a global basis should produce a smal­
ler interstatlon correlation than the sampling on a 
continental basis . 

I 



Therefore, the conclusion is that the 
average first serial correlation coefficients for V­
series and P e -aeries are 8ignificanUy different from . 

zero 

may be considered as relatively small, though they 
are not negligible in many problems, especially in 
the determination of overyear reservoir storage 
capacities for rerulating river flows. 

It should be pointed out alao, that the Urst 
large sample of river flow records includes many 
rivers with unusually larie natural storage capaci­
ties (the St. L awrence River with Great Lakes USA; 
the Gota River in Sweden; the Neva River in U.' s. S. R.; 
outflow of Victoria Lake in Africa; outflow of Albert 
Lake in Africa; etc . ). This fact indicates that sam­
ples of stations from river basins with relatively 
small water storage capacities would tend to have 
smaller average first serial correlation coefficients. 

Great departures in r (V) and r (P ) dis-
I I e 

tributions or z(V) and z(P )-transform distributions • 
at their tails from the normal function, especially 
the hleb positive r I-values or z - values, may be partly 

explained by a biased selection of river gaging s ta­
tions and a s tress on stations with large upstream 
s urface storage (mostly large lakes). The rivers 
with regulated. flow have always attracted economic 
development. Hydrologic services usually gave pre­
ference to flow measurements on such rivers in 
many countries at an earlier period of streamflow 
gaging. This bias in the first large sample will be 
more evident through the analysis of correlograms 
for V- and P -series for several rivers with long 

e 
flow records. 

3. Frequency distributiona of other serial 
correlation coefficients. Distributions of only four 
other r

k 
coefficients, namely r

2
, r], r 4, and r

5
, 

are presented and discussed here for both V-series 
and P

e 
-series. They are computed for open time 

serieS by eq. 1. 10. Figure 5 shows theae four dis­
tributions in cartesian-probabiHty scales. 

Table 2 iives the estimated values of Pz 
through P t1 by eq. Z.1 9, or by average values 

;-2 through r t l' The equations used for estimation 

of a particular statistic are also given in Table 2. For 

1'"2' r 3' r 4' andl' 5' the weighted es timates of means 

... 
Fig. 5 Cumulative distributions of the serial correlation coefficients of r Z ' r 3 , r 4 , and rS for the 

series of the first large sample of river gaging stations (n- 140) in carte..!ian-probability scalell : 
( 1) V-series; (l) P e -series; and (3) normal independent variables with Pi zero and the variance 

estimated by eq. Z. Z7. 
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are given, as determined by eq. 2.20 . Both the sim­
ple and weighted estimates of variances l or r Z. r l' 

r 4' and r 5 are computed by eq. Z.21 and by eq. Z. ZZ, 

r esp ectively. For the normal Independent variable 
and its r Z' r 3' r 4' and r 5 distributions as given in 

Fig. 5, the following statistics are used: r k . 0, and 
I 

var r k " N + Z " 0,0175, with Nm " 55, and 

with the staWdard deviation a(r
k

) . 0. 132., 

Figure 5 and Table 2. s how that the depar­
tures of distributions between Y- and Pe-series on 
one side, and normal independent variables, on the 
other side, Cor r z through r u ' are relatively small. 

Taking the expected value of normal independent vari­
ables, i\ .. -0 . 0185, then the differences ~r of _ k 
estimated T k ' values for V-series and P - series . ' 
and rk for the normal independent variables rounded 

to three decimal places are: 

V-Series P -Series • 
Xr

z 
0, 0)) 0, ozz 

l>r, O,OZ8 O,OZ6 

~r4 0. 033 0,030 

L>c , 0,064 0,064 

~r6 O, OZZ 0.023 

", 7 -0 ,007 -o.ooa 

~r8 -O.OOZ -0.002 

", . -0.022 -0 . 018 

ll.r 1 a -0.006 - 0. 006 

ll.r 11 0. Ot6 0. 017 

The greatest difference is for r
s

' an,d it is O. 064. 

Distributions of r 2' r 3' r 4' and r S are close to those 

of normal independent variables, except that there is 
a tendency for the standard deviation of distributions 

TABLE 2 

Statistics of frequency distributions of serial correlation coefficients, r 2, r3' r4. and rS for 140 

stations of annual Clow (V-series) and annual ettecUve precipitation (Pe - series), as well as 

simple estimates of mean for. r 6, r 7, r a , r 9, rIO' and r ll · 

V - Series • -
'k Statistics Equation l.I!;quatlon .l!;quatlon .l!;quatlon 

estimated Used Value Used Value Used Value Used Value 

Mean 2. 19 0.0146 2 . 20 0. 0178 2. 19 0.0036 2,20 0.0004 
'2 

Variance 2.21 0. 0228 2.22 0. 0231 2.21 0.0210 2.22 0.0204 

Mean 2. 19 0.0097 2.20 0.0 101 2. 19 0.0070 2. 20 0.0029 

'3 
Variance 2. 21 0.0253 2.22 0.0259 2.21 0.0248 2.22 0.0233 

Mean 2. 19 0.0150 2.20 0.0186 2. 19 0.0110 2. 20 0. 0164 

" Variance 2.21 0.0224 2.22 0. 02 14 2. 21 0.0204 2.22 0.0189 

Mean 2. 19 0.0460 2. 20 0.0406 2. 19 O. 0450 2.20 0.0357 

" 
Variance 2.21 0. 0323 2. 22 O. 0306 2.21 O. 03 13 2.22 0.0295 

" Mean 2. 19 0. 0039 2. 19 0.0041 

'7 Mean 2. 19 -0 . 0251 2. 19 -0. 0269 '. Mean 2. 19 -0. 0207 2. 19 -0.0203 '. Mean 2. 19 - 0.0407 2. 19 - 0.0370 

'10 Mean 2. 19 -0.0246 2. 19 - 0, 0259 

' 11 Mean 2. 19 -0. 00 27 2. 19 -0 . 0014 
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of V- and P - series to increase with an increase of • 
k, while that of normal independent variables Is con -
sidered to be constant for a given N and to be inde­

pendent of k. This departure of standard deviations 
is greatest for r

5
, simUar to r

5
, and it may be con -

sidered as the sampling fluctuation of an independent 
time series with several r

k 
values . 

There is no indication that r II for k · I t , 

or the approximate time lag of average sun-spot peaks 
is significantly different from ~ero. 

4. Average values of serial correlation 
coefficients . Figure 6 gives the average values of 
serial correlation coefficients or mean values of r k 
as they change with k, from k" I to k . II, for both 
V-series and P -series. It is quite clear that r 

• I 
values are significantly different from all other values. 
The other conclusion is that the difference, i\(V) -

-rk(Pe~ decreases with an increase of k , and this is 

evident especially from k"' I to k " 5. After k" 5, 
the difference between the two series i s small. 

The estimate of P
k 

for Nms 55 is also 

plotted in Fig. 6, with EPk "' rk" -0.O i 85 . The 

variance of r
k 

is 0.0178. By using eq. Z. 30 and 

n . 140, the variance of rk is 0.000 125. This gives 

r. 
0 .20 

----' 

-005 

the standard deviation of r
k 

as s (rk)", 0. 01 lZ. The 

confidence limits at 95'" level for r
k 

of normal inde­

pendent variables are r k : 0.0034 and r k : 
• -0, 0404. Assuming that r k values are not inter­

correlated for stations taken pairwise, or n · 0e . 140 

for this sample, all first live values, r l through ; 5' 

tor V-series are significantly different trom ;k of 

normal independent variables a t the 95% level of si&nl­
ncance, although r z' r], r 4 are not very far from 

the positive confidence limit, For Pe-series r z and 

r) may be considered as not significantly diffe r ent at 

the 95'" level from the r k -value of normal independert 

variables. Values of r~ 1 V) and r 1 (P e) are evidently 

significantly different from the corresponding value ot 
-0.0185 for normal independent variables. Both 

'i=' (V) and r
5
(P ) are above the positive confidence 

5 • 
limit at the 95"1. level, but much below 'i='1(V) and 

~1 (Pe). The values 'i='5(V) and 'i='5(P
e
) may be con­

sidered as sampling deviation because 5% of F k - values 

should be on the average outside the confidence limits. 

Assuming that there Is a positive mean in­
terstation correlation between r k -values , or as an 

- 0.10'.,L ---;2;------.3:---4-:-------c5;--~6,---~7-----'-8---9L----"'O'----~11 k 

Fig. 6 Average values of the serial correlation coefficients Crl through r ll ) for the series of the lirst 

large sample of river gaging stations versus the lag k: ( I) V-series; (Z) P e - series; (3) expected 

value of Pk estimated by eqs. Z, 3 and Z. Z3;(4) diIlerence 6rk .. rk(V) - rk(Pe); (5) confidence 

limits. at the 95 percent level for normal independent variables; and (6) confidenCe limits for normal 
independent variables with ne " 50 (assumed effective sample siz.e) . 
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approximation, a positive correlation of annual flow 
effective precipitation among pairs of 140 s tations, 
and assuming that the effective sample size n = 50, • 
'(~e confidence limits at the 95% level of r k would be 
r

k 
~ 0.0 181; and r

k 
"-0,551. In this case only 

r (V), r (P ). r,(V) , and r,(P ) are outside the con-lIe e 
fidence limits. It is concluded here. as previously. 
that r (V) and T I (P ) are Significantly different from 

I • 
the corresponding statistics of normal independent 
variables. 

The water carryover for some river basins 
is greater than one year. Therefore, the difference, 
r z(V) - ;z{P el, may also be considered as significantly 

different from zero. The large values of r S( V) and 

r (P ) may be considered as sampling departures fro , . 
the expected value of normal independent variables. 
This may be so even though the probability of their 
exceeding a positive confidence limit is 1 O,,!~ (one in 
ten values, r

2 
through r

11
) instead 5"/0 as the confi -

dence level implies. 

The sequence of r k in Fig. 6, and especially 

the differnc~ ~j\ : rk(V) - r k(P / wh.ich is also plot­

ted in Fig . 6, leads to the conclusion that on the aver­
age the linear autoregressive schemes may be applied 
to the relationship of V- and P - variables . It is 

• 
shown later that the first order or the second order 
linear autoregressive schemes for the patterns in 
sequence of V-series may well fit some typical cases. 

'i,,!'n 
0 
0 

o. 
o . 
•• 

0 
_0.1 / 
_0' 

_0' 

GOTA ~IVER --

~ ! 4 S ' /) ' , , 'i!s 

RHINE RIVER - ----

0.' -" 

-------- -----'" -C«( 

5. Correlograms of individual rivers. 
Figures 7, B, and 9 give correlograms of individual 
river stations of both the annual now and the annual 
effective pre cipitation . Usually the upper graph (Fig. 
7) or the left graph (Fig. 8) gives the correlogram for 
the V-series, and the lower graph (Fig. 7) or the right 
graph (FIg.B) gives the correlogram for the P -series. • 
The confidence limits for normal independent variablES 
at the 95"/~ level of significance, estimated by eq. 2. to, 
are also given in both graphs . As each correlogram 
refers to a series with N usually different from N 

m 
used in the graph, the confidence limits for a given 
N

m 
should be considered here only as indications of 

correlogram fluctuations for normal independent vari­
ables . 

In using eq. 2,10 the value of N in that eq­
uation has been replaced by N-k or by the number of 
correlated pairs in the computation of rk-values, 

Thus the confidence limits expand slowly as the lag k 
increases, Confidence limits at the 95,"0 level for 
normal independent variables are given for two values 
of sample size (in Fig. 7): N " 150 (the Gota, the 
Rhine), and N " 120 (the Danube). The expected 
means of r k for normal independent variables as 
given by eq. 2.7 are not plotted in Fig. 7. 

Figu re 7 gives correlograms of V-series 
and P -series for four rivers with longest records: 
the Rtfine River at Basle, Switzerland (150 years); the 
Oola River at Sjortop-Vanersburg, Sweden ( 150 year~; 
the Nemunas River at Smalininkai, Lithuania, USSR, 
(132 years); and the Danube River at Qrshava, Roma­
nia (120 years). The number of computed r k - values 

\ 

NE""""'AS RIVER --'-'-

' ;' 

OANUBE RIVER---

- -- ----- - ------ --LT~~J ii--j;j;f:io- .:;;-----

Fig. 7 Correlograms of the four rivers with longes t records: the Gota River (N . 150), the Nemunas River 
(N · 132:) , the Rhine River (N · 150), and the Danube River (N :: 120), The upper graph refers to the 
V-series, and the lower graph to the P e -series. Two confidence limits at the 95 percent level are 

given for normal independent variables for two lengths : N: 150 (max) and N : 120 (min). 
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Fig. 8 Correlograms of ZB individual series from the lirst large sample of river gaging stations (n ~ 140) in groups of four series are shown . The left graphs refer to the V -series, and the right graphs refer to the P e -series. For each of the 7 groups. three confidence limits at the 95 percent level for normal 
independent variables are given for the follOwing lengths of series; N . 150. N" lOa, and N " 50. T he expected value of l"k is given for the average length Nm of the series for each group of four 
correlograms. as computed by eqs. Z. 3 and Z. Z3. The groups are from these regions: (I) USA; (il) USA; (Ill ) USA; (IV) Europe; (V) Europe; (VI) Australia; and (VIII) Africa. Following are listed the Z8 stations, their period of observation, and the length of their series. 

( 1) River Piscataquis near Dover-Foxcroft, Me., 190Z-1956 (54); (Z) River Susquehanna, HarrisbUrg, Pa .. 1890 -1 957 (67); (3) P otomac River, near Point of Rocks, Md .• 1896-1957 (61); (4) F r ench Broad River near Asheville, N. C., 1895-1957 (6Z) (5) Te nnessee River nea r Chattanooga, Tenn . , 1874- 1956 (8Z); (6) Kanawha River, near Kanawha Fall. W. Va .. 1877- 1957 (80); (7) Wolf River near New London , Wisc .. 1896- 1957 (61); (8) Fox River, near Berlin, Wisc. , 1898-1957 (59); (9) Mississippi River, near Keokuk, Iowa, 1878- 1957 (79); ( 10) MisSissippi River, near St. Louis, Mo., 1861- 1957 (96); ( 11 ) Missouri River, near Fort Benton, Mont .. 1890 -1 955 (65); ( IZ) Missouri River, near Sioux City. Iowa, 1897- 1955 (58); ( 13) Dnieper River, at Dnieper pe­t rovsk, USSR, 188 1-1955 (74); ( 14) Volga River at GorkU, USSR, 1877- 1935 (58); ( 15) Neva River, at Petro­krepost, USSR, 1859- 1935 (76); ( 16) Kama River, a t Berczniki . USSR, 1881- 1938 (57); (17) Thames River, near T eddington, England, 1883- 1954 (71); (18) Danube River . at Vienna-Mussdorf, Austria, 1893 - 1957 (64); ( 19) Indals River. near Ostersund, Sweden, 1893-1957 (64); (ZO) Riul Mures River, at Arad, Romania, 1876-1955 (79); ( Z1) Goulburn Riv er , near MUrchison, Victoria , Australia, 1881- 1954 (73); (U) Kiewa River , at Kiewa, Victoria, Austra lia, 1885-1957 (12); (Z 3) Owens River at Wangaratta, Victoria, Australia, 1886 -1 948 (6Z); (Z4) River Murray at Jingellic, Victoria, Australia, 1890- 1957 (67); (Z5) Nile (Second Half), at Aswan Dam, Egypt, Africa, 1903- 1955 (5Z); (l6) Niger River a t Koulicor o , Africa, 1906- 1957 (51); (Z7) Outflow from Lake Victoria, Nile Basin, Africa, 1898- 195Z (54); ( Z8) Lake Albert at Mongalla, Afr ica, 1904 -195Z (48) . 
ZO 



was N/ 4 so that for these four r ivers there are al to­
gether 137 rk-values, 

By the definition of 950{. confide nce interval, 
seven r k -values (or 5") for the cor relograms of four 

rivers should be outside the confide nce limits , it th e 
four series would be serially uncor related. In the 
case of the P e -series the r e are nin e values of r k 

which are evidently outside the confidence interval 
Cor N s ISO, and five values for N . 120. The aver ­
age is seven, or 5.2"10, which approximately satisfies 
this condition of 5'0, Neglecting the r I-values fo r the 

Gota River and the Nemunas River, for V-series 
there are also 9 values of r k which a r e evidently out-

s ide the confidence limits at the 95" level for N - I SO, 
and five values for N · 120, or the average of seven 
values . This gives 5. Z'fo of vaiues o uts ide the confi­
dence limits, which also satisfies th e condition of 5%. 

The r I-value of the Geta River for V-series 

may well be explained by the large lake storage of 
that river resulting in water carryover from year to 
year. The significant diffe rence between r t{V) and 

r (P ) can logically be attributed to water carryover, 
I e 

The r I -value of the Nemunas River (or the V- series 

eventually may be explained by some inconsistency in 
the data as well as by water carryover . The fact is 
that the flow rating curve obtained in the second half 
of the nineteenth century has been applied to stage 
observations of previous years to derive the river 
nows. It might be that the natural fluctuations of 
river bed elevation produced some inconsistency in 
data, when the above method of obtaining the river 
flow was applied. The difference between r 1 values 

of V- and P -series for the Nemunas River is also 
e 

Significant, so that water carryover may also be res­
ponsible partly for the Significantly positive r t value 
ot the V-series. 

It may be concluded from the results given 
in Fig. 7 that the four rivers for both V-and P - series 
have sequences which do not depart significant'y from 
independent time series except for r I values in two 

cases. This fact supports the hypothesis that a linear 
moving average scheme may well be fitted to describe 
mathematically the dependence of annual flow to an­
nual effective precipitation for these rivers with long 
records . The first order autoregressive scbeme for 
the time dependence of V-series with rk. r l k seems 
less appropriate for the Cota and Nemunas River in 
dcscribing the relationship of V-and P e -variables. 

For the Gota River and its V-series the 
actual values of s, c. c . are; r I • 0,461; r 2 " - 0. 005; 

and r 3 • -0.095 . USing the above relationship r k : 

• r k and taking r '" 
I I 

0.461, the other two values 

should be r Z ~ O. Z13; andr{ 0. 098, The difference 

between these two values and the actual values are 
Llr

z
: 0.Z I 3+0. 005~ 0. 2 18; and Ll r

3
= 0.098+ 

Zl 

+ 0. 095 · 0 , 193. The aver age is about O. Z05, and 
they are no t likely to be expl ained only by sampling 

fluctuations in r z and r J valu es . 'The s econd orde r 

linear autoregressive schem e is fitte d to the patterns 
in sequ ence of annual n ow of the Gota Rive r , because 
the actual r 1 is positive, while the actual value r Z 

is negative. Usina eq, Z. 56 and the computed values 
r 1 and r 2' the estim ates o f a

1 
a lld a

2 
for the Gota 

River are a t : 0. 58 6; and a
Z

• - 0. Z77. Th e condi­

tion that a
Z 

:$ - a 1 7 -4 is satisfied bec ause a
2

" 
> • -0 . 277 < -a t 14 • -0 . 086. 

The angle (J in eq. 2.53 18 given by the 
express ion 2 sin (J " 'V 4 + a Z I a , a nd in this case 

I > 
(J . 56 °, 80 that the positive values of .8

k 
are only 

for k :$ (11 - t ), or kS, 2 , 2Z. For this r iver there 

are only three positive valu es of Bk : namely, 13 0, 13 1, 

and 13: 2 , USing eq. 2.. 53, 13 1 " 0. 5 18 .80 ; a nd 

!3 z • 0. 0535130 ' Therefore, the main carr yover is in 

t he first year (k • 1) . In t he second year (k " Z) the 
carryover is ve ry s m all. In othe r words , the b( 

coefficients are positive and Significantly diffe r ent 
f rom zero only for j • 0, I, and 2.. 

The time dependence model for th is r iver, 
therefore, is 

3. I 

As E
i

: t3
oYi ' and as EYi : 0, and EYil" I , the 

estimate of .8 J byeq. 2.57 Is p a. 0.728, In the 
o 0 

above mathematical model EI is a nor mal i ndepen-

dent variable with mean zero and variance 0,72.8. 

K. - 1 
> 

As xi~ s with K : I and standard deviation 

of alUlual flows given in modular coefficients being 
equal to C , then for s· C • 0.1 82 [1, Appendix 

v v 
1], the following model in modular coefficients is 
applicable to the Gcita River : 

Ki - 0 . 586 K
i
_

1 
-0,2.77 K

i
_

2 
+ 0 . 182 Ei + 0 , 69 1 3. > 

Replacing 0 .1 82. Ei + 0. 69 1 by 

expected mean of l1i is 0,69 1 , 

O. 132.5, or 

1'/. - variable, the 
> 

and lhe variance is 

3. 3 

In order to obtain absolute annual now the K . -value 
I 

s hould be multiplied by the mean V in m1/sec. or 



in c fs. Ir a normal s tandard variable t is used, 

K. : 0,586 K. -0, Z17 K. 2 + 0, I3Z5 t + 0, 69 1 3, 4 
1 1-1 1-

A probability s tatement can be made about 
the annual now or the next year, if two limits for t 
have been selected, By using t 1 and t2 £rom 

tables o f normal function for a given probability that 
a value t falls between t l and t2 • the limits K, 

and K2 may be computed from eq, 3, 4 and the corres­

ponding values 1, and tz' 

Using eq, Z, 55 and a
l 

= 0,586, a
Z 

s -

-0, Z77. r 1 . 0,461 and r Z 5 - 0 , 005 for the Gota 

River, the values r I th.rough r 9 are computed and 

given inTable3. Also the computed values of r
l 

through r9 for the observed se ries of 150 years are 

given. as well as their difference, fl.r k' Table 3 

s hows tha t the differe nces ror r 3 through r 9 a r e 

relatively small, and tha t r 3' r 4' and r 5 have the 

same negative sign in both the computed r k values 

b.y eq, 2 , 55 and the computed rk values from the 

actual series. Therefore, the second order linear 
autoregressive schem e gives a good fit for the pat­
terns in seque nce oC annual now of the Gota River, 

TABLE 3 

Serial correlation coe fficient r k for the a nnual nows 

of the Gota River, computed by the second order lin ­
ear autoregress ive schem e of eq, 3, I and by using 
eq, 2,55, the computed r k -values for the actual 

series, and their differences, 

Computed r
k 

Computed r
k 

by eqs. Z, 55 from actual 
k and 3. I series Difference 

I 0 , 46 1 0.461 0,000 , -0 , 005 - 0.005 0,000 

3 - 0, 13J - 0, 095 - 0. 038 , -0. 077 -0 , 057 -0.020 

5 -0, 009 -0. 048 0.039 

6 0,016 -0,0 10 0 , 026 

7 O,OIZ -O, OIB O,O JO 

8 0, OOZ -0 , 0 16 0.018 

9 - 0, 002 - 0, 055 0,053 

For the Ne munas River and its V-series the 
compute d v alues of s, c. c. are: r 1 • O. 185; r 2= -

-0.01 5 and r 3 '" -0,077, Using eq, Z.50 and r 1 s 

" 0, 185, the o ther two values are r 2 · 0,034 and 

r
3

" 0,006, The differences are fl.r
2

" O. OJ 4 + 0, DI S 

,. 0,049 and fl.r 3 "" 0,006 + 0,017 " 0,08 3, They a re 

not significant either as large or small values, so 
that it would be diIticult to concludc which of thc two 
models, eq, 2. 39 or eq. 2.52 would better !it the pat­
terns in sequence of annual nows, The fact th at the 
compute d values or r 2 and r 3 are negative, while 

eq , 2,39 s hould produce positive values, gives so m e 
advantage to the second order linear autoregressive 
scheme , 

The values of r
l
, r Z ' and r J for the V­

series of the rtltine River and the Danube River are 
s m all. No conclusion can be made about the best 
mathematical modcl which woul d fit the palterns in 
sequence, i f the series have a relatively s mall time 
dependence. 

Figure 8 shows correlograms for 28 river 
gaging stations: I Z stations (No. 1- 12) in first three 
grou ps of four s tations for U. S . A. , 8 t; tations (No. 13 
-ZO) in fourth and fifth group of four s t a tions for 
Europe, 4 station s (No, 21- 24) in Australia (Victo r ia 

State) in sixth g roup of four stations, and 4 stations 
(No. 25-28) Cor Africa in scventh group of four sta­
tions. T he left graphs give correlog r ams oC V-sedes 
and the right graphs those of Pe-series, The stati ons 

for U, S. A, are mostly in the eastern part oC the 
country. The analysiS of the second large sample of 
river gaging stations will deal with correlograms of 
selected stations in the western part of the country, 

Figure 8 has three confidence intervals at 
the 95'" level for normal independent variables and 
for three sample sizes: N .. 50, N " 100, and N . 
= I SO, The expec ted valuc r

k 
or normal indepen-

dent variables is givcn for cach group of stations for 
the average sample size N of groups of four sta-

rn 
tions, Equations 2, 10 and 2,23 are used for the c om­
putation of confidence limits and expected r

k
, res-

pectively, with N replaced by N-k and N
m 

re ­

placed by N m -k, 

The co rrelograms of the 12 sta tions in the 
U, S, A. (I through I Z in Fig. 8) usually show a 
greater fluctuation of r

k 
-values around the expected 

values a t thei r end, This is due to inc reas ed s ampling 
variance with a de crease of N-k as k increases , In 
general, most corrclograms are confined well inside 
the confidence interval at the 95% lcvel for the corres­
pondIng sample size and for normal independent vari ­
ables, except for r I -values, 

The correlograms of the 8 s tations in 
Europe ( 13 through 20 in Fig, 8) also are well inside 



the corres ponding confidence intervals at the 95"/. level 
for normal independent variables. The corr e lograms 
of the 4 stations in Australia (2 1 through 24 inF~ •. 8) 
are well within the corresponding confidence intervals 
with the same characteristics as the previous groups. 
However, correlograms ot the 4 stations in Africa 
(25 through l8 in Fig. 8) show some departures from 
the expected correlograms of normal independent vari­
ables. Lake Victoria and Lake Albe r t stations show 
fluctuations of the correlograms close to the confi­
dence limits while the Nile River at Aswan Dam has a 
relatively important fluctuation also very close to con ­
fidence limits. The characteristics oC these correlo­
grams indicate that a second order linear autoregres­
sive scheme may be fitted to the patterns in sequence 
of annual flow and annual effective precipitation for 
these three gaging stations. 

The Niger River has the most unexpect ed 
corr elogram in comparison with that of normal inde­
pendent variables. Its correlogram decreases con­
tinuously for the V- series {rom a high value r 1 = 

• O. 555 to a low value r t • -0. 533 . The same holds 

for the P -series. 
e 

A logical question is whether this 

type of correlogram is a product of regional sampling 
or not. Has it been produced by pure chance in the 
past and is not expected to be produced in the future? 
Or is it related to some specific climatic conditions 
in Central Africa and will be produced again in simi­
lar patterns in the future? 

This pr oblem oC the Niger River is impor­
tant, but only a careful study of all available data 
(and also of data quality) in the river basin and around 
it would produce a reliable answer to the above ques­
tions. The long range precipitation stations In the 
region may orrer the clue to whether the cyclic move ­
ment of the correlogram is a pattern or a chance pro­
duct. 

Although it seems that the first three statiors 
(Lake Victoria outiet, Lake Albert outlet, and the 
Nile River) have a first damping oscillation of t t , 
lO, and 8 years respectively, and the Niger River at 
Koulicoro has half oscillation of Il years (or full first 
oscillation of l4 years), this may not have a signifi­
cant relationship with average time lag between sun­
spot peaks. The series length of N"' 51 for the 
Niger River is too short to draw any reliable conclu ­
sion about a potential cycle of l4 years . In the case 
of correlograms of the first three stations the damp­
ing is rather Cast. Thes e types of correloirams may 
be produced by a special type of moving average 
scheme, especially, since the large lakes upstr eam 
Crom those three stations and the evaporation from 
them may create a particular tyt>C of moving average 
scheme. 

The St. Lawrence River at Ogdensburi, (N. 
Y., U. S. A.) is treated as a particular case of water 
carryover because of the large effect of the Great 
Lakes . Observations from 1860 to 195 7 (97 years) 
give cor relograms for V- and P -series which are 

e 
plotted in Fig. 9. While the correlogram of P -

• 

" 

series is well within the confidence interval at the 
95,. level for normal independe nt variables, the cor­
relogram of V-series has pos itive values for the firs t 
eleven rk , and most of them (r through r) are I , 
above the positive confidence limit . The s hape of this 
correlogram points toward the conclusion that either 
the first order linear autoregressive scheme. eq. 
l.39, or a mOving average scheme of s pecial type 
may be the m ost appropriate mathematical model fo r 
describing the patterns in sequence of annual flow. 
Figure 9 gives the first order linear autoregressive 
scheme Pk • P1

k , with PI( V) estim ated by 

r t (V)s 0.705 . 

In order to see how well the first order 
linear autoregressive scheme P

k
• pk fits the ser ies 

of annual fl ow of St. Lawrence River, a least squares 
fit of this model is carried out. Minimizing the sum 

k k 
z: {PI - rJJ~ , for k - I, l, 
I 

. . , 17 gives 

PI · 0.785. By giving a larger weight to the firat 

values o f r k , a leas t squares fit to the log Tk is 
k 

used, In which case the s um z: (k log P I - log r k) 3 

I 
is minimized with PI . 0.767 . 

Figure 10, upper graph, gIves the observed 
corre lograrn. and the correlograIllB o f P

k
• PI k 

where PI is estimated in thr ee ways: (a) as obser ­

ved value of PI "' rt{l/) "' 0.705; (b) by least square 

lit to r k , and PI "' 0.785; and (c) by least square 

fit to log r k' and P J • 0.767 . The lower graph of 

Fig. 10 gives the differences ark between the correto­

gram of observed series and the first order linear 
autoregressive scheme in three cases: (a) P J • 0.705, 

, '. 

~ 
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< 

Fig. 9 

(1) ®. ,NO 
r • • r, 

~ 

.. 
, ~ 

'. 1,) ~I D''f.) 

® 0 

Correlograms of the St. Lawr ence River at 
OgdenSburg, New York: (t) V-series; ( Z) P e -

series ; (3) first order linear autoregressive 

scheme Pk • P I k , with P 1 estimated by 

the actual value r 1 '" 0.705; and (4) confi­

dence limits at the 95 percent level for nor­
mal independent variables with N " 97 . 

i 
L. 



(b) PI . 0. 785, and (c) PI S 0.767. This l ast graph 

alBo haa confidence limits at the 95" level about the 
expected mean of normal independent variables with 

N:: 97. or f , ,.. -0.0104, and limits computed by 

eq. 2.1 0 of +0. 156 and -0. 177. Considering ~rk ' 

after the correlogram of the lirst order scheme has 
been deducted, as the correlogram of an independent 
series, the test shows that for PI " 0.767 and PI • 

• 0.785 these differences 6.r k may be considered 

as being those of normal independent variables, be­
cause they are well within the confidence limits at the 
95" level for all values of r 1 through r i 1 . 

The model oC the first order linear autore ­
gressive scheme is, the r e fore, applicabl e to the 
series of annual flow of the St. Lawrence River . 
Assuming t to be a normal standard variable (0, i ), 

t'l ineq. 2.39 is 10 1 " tV 1 - Pia so that the 

model in modular coefiicients becomes Ki "" PI K i _I + 

o. 
0.' 

0.' 

• 0 1 
, • , • " 

+ t Cv V I - p,a + 1 - P" or for C v " 0.087 

l l, Appendix 11. and PI :;' 0.767 

K
i

• 0. 767 K
i
_

1 
+ 0.0557 t + 0.233 3.5 

with Ki • Vi' V . For given values of tl and t2 ' 

the probability of occurrence of K. within these limits , 
may be obtained from tables of the normal function, 
and Kl and K2 may be obtained from the above 

equation. 

Figures 9 and 10 show that the water carry ­
over from year t o year in the Great Lakes and 'in the 
other parts of the St. Lawrence River basin is evi­
dently responsible for most of the positive serial 
correlation. This is clear from the large positive 
initial ten r

k 
values, and the large length k of 

positive r
k 

values. 

k 
~ • " 

---------------~~!-

Fig. 10 Correlograms and their differences for the St. Lawrence 
River at Ogdensburg, New York. Upper graph: (t) V­
series; (2) first order Unear a'tttoregreSSive scheme, 
with PI estimated in Pk " Pt by the a ctual value 

r 1 " 0. 705; (3) first order linear autoregressive scheme 

with PI estimated by least square fit to the r k values of 

Pk " PI k ; and (4) the same as under (3) but with the fit of 

r k to lag r k values of Pk" Pi k Lower graph : (5) ex­

pected value of "Pk' estimated by eqs. 2. 3 and 2. 23 with 

N ~ 97: (6) difference 6r
k 

of correlogramB (I) and (2); 

(7) dLfference 6r
k 

of correlogram8 ( I) and (3); (8) difference 

6r
k 

of correlograms (I) and (4) . 
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D. ANALYSIS OF THE SECOND LARGE SAMPLE OF 

RIVER FLOW AND THE LARGE SAMPLE OF PRECIPITATION 

I . Simultaneous analysis of flow and 
precipitation. The first large sample of 140 stations 
of annual flow records has been analyzed simultaneous 
ly for two series, annual flow and derived annual 
effective precipitation. The second large sample of 
annual flow for 446 river station records (Western 
North America) is also analyzed Simultaneously for 
annual flow and derived annual effective precipitation. 
In addition, the large sample of annual precipitation 
for 1141 stations, which covers the same area (Western 
North America), is analyzed simultaneously with 
annual flow and derived annual effective precipitation. 
For a detailed dcscription of these two samples see 
Part I [I, pages 8-9 and 18-211. 

The second large sample of river flow 
records has been treated in such a way that when two 
o r more stations are situated on the same stream, all 
flow that has been previously measured upstream of a 
station has been subtracted from that station. In this 
way the large interdependence of annual flow and 
annual effective precipitation between the upstream 
and the downstream stations has been substantially 
reduced. 

The study of patterns in simultaneous se­
quences of annual flow, annual effec tive preCipitation 
and annual precipitation at the ground in a large 

o 

'" " 1\:('"'604). -

_01 -.: (No37) __ 0Q211 

-'" 

region will thus give an insight into dUfcrent river 
basin factors which are responsible for the depen­
dence obtained in the particular type of time series. 

Two parallel cases of investigation for V­
series, P e -series, and Pi -series (annual precipita-

tion at the ground) are investigated: (a) all annual 
values available are used whether the record is con­
tinuous or not; in this case N

j 
, the record length, 

changes from station to station; and (b) the longest 
continuous period common to all stations is u sed 
which includes the years 1931-1960, a record of 
N ,,30 . The objective in investigating these two 
parallel cases is to study the influence of the length 
of time series on conclusions derived . The first 
case will give more reliable results than the second 
case, since the average sample size i8 greater in the 
first case, namely Nm '" 37 years Cor the second 

large sample of river flow records for 446 stations, 
and N

m 
• 54 years Cor the large sample of homo -

geneous data of annual precipitation for 1141 stations. 

,-
~~,~.:,~.:,~.~.~~~~~~~~ all data available at a sta-~ion, are t t on normal probability 

L '''Q6~----1 

F ig. II 

, «) 0:;110110 

Cumulat ive distributio ns of th e first serial co rrelation coefficient for the series of the seco nd large 
sample of river ga)?,ing stations (n ",446) and Cor the series of the large sample of precipitation gaging 
stations (n '" 1141), both in Western North America on cartesian-probability scales: (1) V - series 
(annual flows); (l) Pe-serie s (annual effective precipitation; (3) Pi-series (annual pre cipitation at the 

ground) ; (4) normal independent variables, with the mean PI estimated by eq. 2.3 and l.l3, and the 

variance estimated by eq. 2.27 . both with Nm ~ 37 which c orresponds to V- and Pe-series; (5) nor ­

mal independent variables, the same. as under (4) but with the mean PI estimated by eq. l. l., and 

the variance by eq . 2 . 21; (6) normal independent variables, the same as under (4) but with Nm = 54 

which corresponds to Pi-series; and (7) normal independent variables, the same as under (5) but with 

Nm 54 which corresponds to Pi-series. 
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paper . T he distributions plotted are for V-series, 
P -series, and P.-series, as well as fo r the normal , , 
independent variables with N

J
• 37 (which corres­

ponds to V - and P e -series) and N
j 

= 54 {which cor ­

responds to Pi-series). In both of these two cases, 

r, and s(r1) for the normal inde pe ndent variables 

are computed by moments from eq. l. land eq. l. 3. 

The average values of r, are also given for all 
cases. 

In the range of probability from l. 5% to 
97 . 5C1(4 , a straight line may fit the r I -distribution of 

V - series, P e -series. a nd Pi-series . These straight 

lines are approximately parallel to the straight lines 
which represent the r,-distributions of normal in-

dependent variables. 

Assuming that the moments of eq. l . 3 for 
normal independent variables approximate well the 
case when r 1 is cOI:JJ.puted by the approximate ex-

pression of eq . 1. 10, then the differences between 
various r , -values, r 1 denoting the case of normal 

independent variables, are 

Art(V) eo r t (V) - r l = 0. 197 + O. Ol8 = 0.ll5 

.o.r 1 (P e) .. r , (P e) - r t • O. 18 1 + O. Ol8 • O. l09 

.o.r,(Pi) '" r,{Pi ) - r, '" 0.055 + O. 019 '" 0. 076 

The above r 1 -values have been computed by simple 

average procedure or by using eq. l.19 for V -, P e -, 

and Pi-series. and by eq. l.l3 for the normal inde­

pendent variables, because it was shown on the exam­
ple of the first large sample of flow records that 
differences between the simple and weighted means 
are not substantial when sample sizes , Nj , are 

different. 

For Western North Amerh;:a, the difference of 

r, for V- and P
e 

-series is 

r,(V) -r, (Pe) = 0.ll5 - 0 . l09 = 0.0 ' 6. 

This indicates that a part of the positive correlation 
in V-series is produced by water carryover in surface 
and underground storage in the river basins whi ch is 
bound to flow out in following years. Similarly for 
P e - and Pi -series the difference is 

r I (P e) - r, (Pi) = O. l09 - 0. 076 = O. 133. 

A substantial portion of the positive serial correlation 
in P e -series is produced by evaporation (and evapo-

transpiration) from the water carryover of previous 
years which is evaporated (lost out of the basin as 
evaporation) in successive years. Because 
V .. P e ± AW, with lJW being the difference in water 

carryover for each year, and P e = Pi - Ei' with Ei 

being the annual evaporation, and because A Wand 
Ei depend on the water carryover from previous 

years, these two magnitudes IlW and Ei are the 

most important factors in producing th e time depen­
dence: both of them for V- series, and Ei only for 
P e -series. 

" 

While the first large s ample of r iver n ow 
r ecords from m a ny pa rts of t he wo rld has shown that 
the carr)'over i n t he form of s u r face and under g r ound 
stor age (which flo ws out i n successive years ) a ccount ­
ed for a substantial portion of the positive ser ial cor­
relation in V - series, the second large s ample shows 
a relatively smaller impact of this carryover on the 
dependence of the V-series . The annual evaporation 
and the annual evapotranspiration (E i ) result as the 

major causal factors for time dependence in bot h the 
V- and P e - series . Since Western North America 

encompasses a large arid and semi -ar id area whe r e 
the evaporation and evapotranspiration represent a 
large portion in the water balance of river basins, 
this result of a great effect of evaporation a nd evapo­
transpiration on time dependence of annual flow and 
annual effective precipitation should be expected. 

It should be pointed out that the water carry­
over of previous years can be disposed of in next 
year s in two ways: (a) by flo wing out of river basin 
through surface runoff and through underground out­
flow; and (b) by flowing out into the atmosphere 
thr ough evaporation and evapotranspir ation. From 
the point of view of explaining the time dependence in 
a series of annual flow these two means of carryover 
depletion make no substantial difference except that 
different mathematical mode ls, based on the different 
phySical processes, may fit approximately these two 
manners of water outflow from river basins . 

The fact stressed 'above that dependence in 
time series decreases substantially from annual flow 
to annual effective precipitation and from annual 
effective precipitation to annual precipitation a t the 
ground is the main and the most significa nt general 
result of this s tudy. 

Similarly as in F ig.l t , Fig. Il gives the 
distributions of the f . s . c , c , (r , ) on normal probabil­

ity paper for V-, P
e 

-, and Pi-series for Simultan­

eous records of 30 years (193 ' - 196 0) at all stati~ns 
as well as for normal independent variables, with r 1 

computed by the fl£st momenLof either eq . l. l or of 
eq. 2. 3, or with r , " 0 and r , " -0 . 034, respective-

ly . In this last case Cor r , 

O. '97 

Ilr , (Pe) • rl(Pe) - r, " O. '46 + 0. 034 " O. 180 

Ar, (Pi):s r,(P
i
) -r1 • 0 . Ol8 +0.034 = 0 . 062 . 

The difference between r , ( . ) of V - and P e -

series are 

and 

r 1(Pe) - r)Pi ) " o. tl8 

The comparison between the two alternatives, 
longest records and simultaneous and continuous but 
shorter records, leads to the following conclusions: 

(a) The absolute values of r t (V), r t (Pe), 

and r , (P
t
) are somewhat smaller for 3D-year record 

than for longest records ; 

(b) The effect of water carryover and 



evaporation on time dependence is shown to be approx­
imately the same, regardless of the average length of 
time series and simultaneity of flow observations; 

(c) The fitted straight lines to r
l
-dlstribu­

tions Cor V- . P e -, and Pi -series are similar in the 

case of lO-year record, except that the slope of r 1-

distribution of Pi-series is somewhat smaller than 

that of rh-distributiOn for normal independent vari­
abies of t e same time series size o f N ~ 30 . 

3. Frequency distribution of other serial 
correlation coeCficients. Apart from r 1 the distri -

butions of serial correlation coefficients, r l through 

r 11' are given in Fig. 13 for all years of observations 

and for the following variables: (1) V, (l) P e ' (3) Pi' 

(4) normal independent variables with Nm ~ 37, and 

(5) normal independent variables with N
m 

: 54. Case 

(4) serves for the comparison with V and P e vari­

ables, and case (5) with the Pi variable. Similarly, 

Fig. 14 gives distributions for r
k 

-values with 

k = l, 3" .. , II for 30 years of observation (19l1-
1960) and for the following variables: (1) V, (l) P e 

(3)P
i

, and (4) normal independent variables with 

N" 30. 

Both r
k 

and var r k fol' normal independent 

variables have been computed by using the average 
length of time series. However, in computing the 

" " Q 

Q 

" 

covariance of Xi and xi+k only (N-kj-values have 

been used . 

The objectives of presenting Figs. 13 and 14 
in this investigation are: (a) to show that the distri­
butions of r k for V, P e' and Pi become closer 

and closer to those of normal independent variables 
as k increases; (b) to demonstrate that the distri­
bution of r k for the Pi variable is closer to the 

distribution oC normal independent variables than the 
distributions of r k for V and P e variables; and 

(c) to demonstrate that the use of N instead of N-k 
in Cormulas for the expected value of r

k 
and ofvar r

k 
introduces a departure in slope between the distribu­
tions of r k for V, Pe , and Pi' and those of nor­

mal independent variables, and that this departure 
increases with an increase of k . These objectives 
will be pursued further in the diSCUSSion of the change 
in the statistical parameters of the r

k 
-distributions 

as k increases . 

The general conclusions from Figs. 13 and 14 
are: 

( 1) Average vaiues of r k for V. P e , and 

Pi - series are closer to the average values r k of nor­

mal independent variables fol' large k-vaiues 
(k " 7, 8, 9, 10, 11 ) than Cor small k-vlliues (k • l, 
3, 4, 5, 6). 

(2) Straight line fits to the distributions of 
r k for V-, P e -, and Pi-variables parallel better the 

straight line diStributions for r of the correspondi ng 
k 

N _30 years 

-01 
_0 .2 

_ru 

I'l -- 03" .1""""'------ ~ 

Fig. Il 

------~--
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Cumulative distributions of the first serial correlation c oefficient for the series of the second large 
sample of river gaging stati ons (n = 446) and for the series of the large sample of precipitation 
stations (n = 1141), both in Western North America, for the simultaneous period of observation 1931-
1960, with N : 30, on cartesian-probability scales: (I) V-series (annual flow); (2) Pe-series (animal 

effective precipitation); (3) P . -series (annual precipitation at the ground); (4) normal independent , 
variables, with the mean PI estimated by eq. 2.3 and 2.23, and the variance estimated by eq. l.l7; 

and (5) normal independent variables, withlhe mean PI estimated by eq. 2.2, and the variance 

estimated by eq. 2. 27. 
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Fig. 13 Cumulative distributions of serial correlation coefficients TZ through r 11 for the series oC the second 

large sample of river gaging stations (n " 446) and the large sample oJ precipitation gas:ing stations 
(n " 1141) Crom Western North America on cartesian - probability scales; ( t ) V· series (Nm ~ 37); 

(2) Pe-series (N
m

" 37); (3) Pi-series (N
m

" 54); (4) normal independent variables, with the mean 

PI estimated by eqs. Z. 3 and Z. 23, and the variance estimated by eq. Z. 27 with Nm ., 31 ; and (5) nor­

mal independent variables, the same a s under (4) except that N " 54. m 
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Fig. 14 Cumulative distributions of serial correlatio n coefficients r z through r I t for the series of the second 

large sample of river gaging stations (n .. 446) and th e large sample of prec ipitatio n gaging stations 
(n = 1141) from Western North America for the simultaneous period of observation 1931 - 1960, with 
N · 30, on carteSian-probability s cales: (1) V-series; (2) P

e 
-series; (3) Pj-series; and (4) normal 

independent variables, with the mean PI estimated by eqs. Z.3 and Z. on, and the variance estimated 

by eq. Z. 27 with N '" 30. 
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normal independent variables (same N) for small k 
(2, 3,4, 5, 6) than Cor large k (7, 8, 9. 10, 11). 
Because the series are relatively short Cor Y and 
P e (N

m 
• 37), the value Nm - k is changing from 35 

to 26 for k changina: Crom 2 to II, and the UIiIC! of 
Nm instead of Nm - k in computing r k and var r k 
may be the explanation for this conclusion. For Pi 

with N
m 

• 54, the effect of k is smaller for this 

variable than for Y and P e because Nm -k is much 

large r for Pi-series than for Y- and P e -series for 

the same k 

(3) A replacement of N by N-k in the 
expressions for the mean and varia nce of r k may 

better fit the distributions of r
k 

of Y, P e , and Pi 

for large values of k, than if N were used for all 
r

k 
-values, This conclusion may be partly the conse-

que nce of using eq. 1. 10 in the computation of r k in­

s t(;!ad o f using eq. I. 5. 

4. Avera e values of the serial correlation 
coefficients. igure I 18 ased upon computations 
from the longest available records of Y-, Pe - , and 

Pi-series. It gives the follo wing statistics of r k -

distributions as they change with t he lag k: mean rk' 

standard deviation sr' skewness coefficient Csr ' 

and ku rtosis k
r

. The mean and other statistics are 

computed by using the average length of the~lme 
series in the sample. The expected mean r k and the 

standard deviation sr of normal independent vari­

ables are given for the corresponding average length 
of time series (with Nm " 37, which corresponds to 

Y- and Pe -series , and with Nm " 54 which corres­

ponds to Pi-series) . In this ca se Pk lo r normal in­

dependent variables is estimated by eq . Z.7 for all 
k values by r

k 
~ - 1!Nm as well as by the equation 

1 
' N~ 

m 
4, 1 

Similarly, the standard deviation of r k of normal 

independent variables is computed by eq. 2. 3 as 

Sr - 11, Nm + 11 as well as by the equation 

~Nm - k + Z 
4, 2 

Figure 16 (as in Fig, 15) gives the same statistics for 
Y- , P

e 
-, Pi-series, and normal indepe ndent vari-

ables for the simultaneous 30 years of records (1931 -
1960) . 

Both figures show clearly that the expres­
sions given by eqs . 4. I and 4. 2 for the mean and 
standard deviation of r k f it the observed values for 

large k better than the values obtained by eq. 2.7 or 
Z. 3. Therefore, eqs. 2. 2, 2.3, Z.4, 2.5, 2. 7, and 
Z.8 are good approximations only for small k or 
better for ratios N/(N-k) close to unity. Note that 
sr computed for normal independent variables by 

the use of eq. 4 .2 with the appropriate se ries length 

30 

approximates very well th e s r' s of Y-, Pe, and 

Pi-series . This is true for both cases where aU 

available record and the 30 -year pe riod a re used. If 
computed by eq. 2. 3, sr oC normal independent 

variable is constant and departs significantly from 
sr of the other variables for large k valu~s. 

The skewness coefficient Csr of r k -distri ­

butions fluctuates highly but, on the average, not 
very far above the value Csr S O. The kurtOSiS kr 

of r k -diStributions fluctuates also about k :: 3, or 

about the value f or normal distribution of r k 

It may be concluded from the values sr 

C sr ' and kr that r k -distributions may be con­

sidered normal with mean r
k 

and standard devia­

tion s~ except near the ends of the range [ + I, - 1] . 

Forlarge k the value s r
k 

o(Y -, P
e

- , and P
i
-

series fluctuate about r k - values computed by eq. 4.1. 

As sr's o f Y-, Pe -, and Pi - series are 

close to sr's of normal independent variables, the 

test whether their difference is or is not !>ignificant 
from zero is not car ried out here. The only test 
carried_out her,!! fo!:,the significance o!.differe'!ces 
is for rk(Y) - r k ; rk(P e) - rk; and rk(Pi ) - r k ' 

with rk the value for the cor responding normal in­

dependent variables. In this test of differences, t he 
confidence limits at the 95% level are used about r k, 

assuming that r k -values of normal independent vari ­

abIes are normally distributed about r k . The values 

rk of normal independent variables are estimat ed by 

eq. 4. 1 and are given in Figs. 15 and 16 , upper graph . 
The Simple average r k for Y- , Pc - , and Pi -

series is used in.stead of a weighted average. with the 
expectation that the large values of n (n: 44 6 for Y­
and Pe-series, and n · 114 1 for PI-series) will pro ­

duce approxim ately the sam e values of r k as the 

weighted means. 

The effective number of stations for r k is 

ne • and it is estimated by eqs . 2. 74 and 2.73, with 

var rk • var rk/ne • s/Ine , and the standard devia­

tion of rk is s(rk):: sr!"f'ile . The confidence 

limits on a given level are, therefore 

4,3 

USing eq, 4. I for the estimate of Pk ' and eq. 4. 2 

for the estimate of the n 

t ~/n (N -k + 2) 
V e m 

4,4 

F rom eq. 2. 74 it follows that 

1 . ---
Nm -k 

4, 5 

L 
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Fig. 15 Average values of i\' standard deviation sr skewness coefficients Csr • and kurtosis kr of 

the serial correlation coeCCicients r l through rZSfor the secondlarge sample of river gaging stations 

(n • 446) and the large sample of precipitation gaging stations (n • 1141) from Western North America: 
(1) V-series (N m • 37); (Zl Pe-se ries (Nm • 37);. ()1 Pi -series (Nm • 54); (4) normal independent 

variables, the mean Pk estimated by eq. Z. 3 with Nm • 37; (5) normal independent variables, the 

mean Pk estimated by eq. 4. I with Nm • 37 ; (6) normal independent variables, the mean Pk 
estimated by eq. 4. t with Nm " 54; (7) normal independent variables, the confidence limits at the 95 

percent level for the errective number of stations ne " 6.30, instead of the actual number n · 446; 

(8) normal independent variables, the confidence limits at the 95 percent level with the effective num­
ber of stations ne . 9.65 instead of the a ctual number n . 1141 ; (9) normal independent variables , the 

standard deviation estimated by the second moment from eq . l. 3 with N
m 

"37; (10) normal inde­

pendent va.riables, the standard deviation estimated by eq. 4.2 with N
m

" 54; (1 1) normal indepen­

dent variables, the same as under (9) but with N
m 

: 54; ( Il) normal independent variables , the same 

as under (to) but with Nm ,, 54. Curves 1, 2, and 3 on all plots refer to V-, P
e 

- and Pi -series 

respectively. 
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Fig. 16 Average value of rk • standard deviation sr ' skewness coefCicient Csr ' and kurtosis kr of 

the serial correlation coefficients r 1 through r 15 for tre secondlarge sample of river gaging stations 

(n' 446) and the large sample of precipitation gaging stations (n : 1141) Crom Western North America 
for the simultaneous period o f observation 193 1-1961 , with N" 30: (1) V-series; (2) P e -series; 

(3) Pi-series; (4) normal independent variables with the mean Pk estimated by eq. Z.3 with N " 30; 

(5) normal independent variables with the mean Pk estimated by eq. 4.1 with N" 30; (6) normal 

independent variables, the confidence limits at the 95 percent level for the effective number of stations 
ne: 6.30 instead of the actual number n = 446; (7) normal independent variables, the confidence 

limits at the 95 percent level for the effective number of stations ne ~ 9.65 instead of actual number 

n = 1141; (8) normal indepe ndent variables, the standard deviation estimated by the second moment 
from eq. Z.3 with N = 30; (9) normal independent variables, the standard deviation estimated by 
eq. 4 . Zwith N: 30. Curves 1, Z, and 30n all plots refertoV-, P

e
- , and Pi-series respeclively. 
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with r given by eq. Z. n. In section B, equations 
Z. 69 through Z. 74 were developed to compute the 
average Interstation correlation coefficient of the 
first serial correlation coefficients among the station 
serie8. The matrix ot the simple inlerslation correla­
tions between station series and eq. Z. 7J are used tor 
th e digital computation of the pairwise estimates of the 
interstation correlation coefficient of their first serial 
correlation coefficients . The average interst ation 
correlation coefficient of f. s . c. c. i s then compute d by 
eq. Z. 7Z . ..The average interstation correlation co­
efficient, r, is O. 157 for V- series and 0. 159 for 
P e -series . Equation l. 74 gives the effective number 

of stations, n .. 6. l6 and n :: 6.29 for Y- and P -e e e 
respectively . Even though the interstation correlation 
of the C. s. c. c. is relatively small, the original sample 
size of 446 is reduced to an effective random sample 
s be of approximately 6. 30 for both series . 

Equation 4.4 gives the confidence limits at 
the 95% level (t • 1. 96) for the mean of first serial 
corre lation c0:tficient, with k . ~, ne· 6. 30, and 

Nm " J7, as r 1 : +0.099 and r 1 .. -0.155. Assum ­

ing that the eC!ective sample size ne for any r k is 

the same as for r l ' or ne:: 6. 30, then for Y- and 

P e - series 

1. 96 
t J 6. JO( 39-k) 

The confidence limits computed by eq. 4 . 6 are 
plotted in Fig. I S. 

4.' 

Though ne for Y- and P e -series has been 

computed for the longest records of each station, the 
same value ne " 6. JO is also used Cor the Y- and P e-

series of the 30-year period of reco rd (1931-1960). 
USing eq. 4,4 and N" 30, the values of the confidence 
limits of r k at the 950;0 level are computed and plotted 

in Fig, 16, upper graph. 

Figures 15 and 16 show that only two average 
values of r k ' namely r 1 and r5 for both Y- and 

P e -series are outside confidence limits. It is con­

cluded here that rl(Y) and rl(Pe) are significantly 

different from the expected value of PI of normal in­

dependent variables at the 95% level. However, the 
fact that r 5(V) and r5(P e) are greater than the post-

live confidence limit at the 95% level may be explamed 
by sampling flu ctuations , There are Z5 values of r k 
for each of the two series and 5", of them or about 1. Z5 
should be outside the confidence limits on the average. 

The P(series (n" 1141) has the average 

interst ation correlation coefficient between the first 
serial correlation coefficients of r" 0, 095 , The 
effe ctive number of stations, ne ' equals 9. 65. Eq. 

4.4 gives the confidence limits at the 95% level 
(t '" 1. 96) for the mean of the f. B. C. c. with k:: I, 
n

e 
• 9.65, and Nm .. 54, as 

r l "+0. 066 and r 1 • -O.IOJ. 

Assuming the effective sample size ne for 

any r k is the same as for r 1 ' or ne " 9.65, then 
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for the Pi - series 

r • 1 + --;:=~1.~96~ k -5'4='k - r V 9. 65 (56-k) 
4 . 7 

The confidence limits computed by eq. 4 . 7 are plotted 
inFtg. 15. Using the same effective numbe r of s t a­
tions ne " 9.65 for the Pi - ser ies with N"JO (period 

193 1-1960) and eq, 4 .• , t he confidence limits are 
plotted in F ig. 16 similar ly as in Fig. 15. 

Figure IS shows that the only value of r k 
for the Pi -series which is outside of confidence 

limits at the 950;0 level is r3 . Although r
1 

is in ­

side the confidence limits, Fig. 15 shows that r, 
through rs of P i -, V- , and P e - series are all 

positive . Also, the negative values r 7 through r 1l 
of Y- and P

e 
-series are parallelled by negative 

values of Pi-series. This indicates that Pi-series 

has a small regression effect of moisture carryover 
similar to that of P e - series. Figure 16 shows that 

all rk values of the Pi-series are inside the confi­

dence limits at the 95% leve l except r J which t ouches 

the positive limit. 

It may be concluded that the annual precipi­
tation at the ground has no significant dependence in 
sequence and that the se r ies of annual precip itation 
statistically cannot be distinguished in its sequential 
patterns from independent variables. 

5. Individual correlograms. Figures 17 
and 18 give correlograms of annual haws (Y-series) 
and annual effective prt. ipitation (P e -series) for 40 

river gaging stations and '- )r,'elograms of annual pre­
cipitation at the ground (Pi-series) for 44 rainfall sta-

tions all taken from the laree sample of stations 
Crom Western North America, 

The expected values of r k '-o r normal inde­

pendent variables are computed for an average length 
Nm of the time series for all 24 graphs (each contain-

ing 4 -6 co rrelograms) Cor these three series, and they 
are plotted in each graph as shown in Figs , 17 and 18, 
Also given in Figs, 17 and 18 are the confidence limits 
at the 95'f. level as computed by eq. Z.IO. The time 
series lellif.h used varies from one grouping to 
another depending on the mean length oC the time 
series presented in that particular grouping. These 
mean lengths have been rounded to the nearest multi ­
ple of ten, i. e., N .. 40, 50, 60, 70, or 80. 

This massive presentation or correlograms 
is used here intentionally to show an overall confine­
m ent of correlograms of Y-, Pe -, and Pi -series 

inside the confidence limits for an average series 
length of normal independent variables. Figures 17 
and 18 show clearly that most of the correlograms are 
well inside t he approximate confidence limits, espe­
cially if one takes into consideration the fact that about 
5% of r k -values should be on t he average outside the 
confideriee limits for normal independent variables 
plus the faot that some of the serial correlation co­
efficients (r i , r 'Z' r 3 • . . J, particularly those of 

Y- and P
e 

- series , should be Significantly different 
from those of normal independent variables. 
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Fig. 11 Correlograms or 62 individual series in groups or 5 or 6 rrom V-, P e -, and Pi -series. The left column shows correlograms ror the first 

lO series rrom the V-series and the middle column shows correlograms ror the first 20 series rrom the P e - series, all taken rrom th e second 

large sample or river gaging stations (n • 446) . The right column shows correlogram s ror the 2Z series from the P(series from the large 

sample of precipitation gaging stations (n '" 1141) . For V-series and P e -series the confidence limits at the 95 percent level or Significance 

ror the normal independent variables are given as estimated by eq. 2.10 with N'" 50, and for P i - series with three values of N · 60, 10. snd 

80. T he mean Pk as estimated by eqs. 2.3 and 2. 33 are also plotted on each graph . with Nm ' the average length of series In each group. 

The river gaging stations are: 

(I) Klickitat River near Glenwood, Washington, 1910-1 960 (51) 
(2l Quinault Rive r at Quinault Lake, Washington, 1911-1960 {49l 
(3) Cedar River near Landsburg, Washington, 1896- 1960 (65) 
(4) Wenatchee River at Plain, Washington, 19 11-1 960 (50) 
(5) Thompson River at Spences Bridge, CANADA, 191 7-1960 (44) 
(6) Oak Grove Fork above Power Plant Intake, Oregon, 

19 10-1 960 (51) 
(7l Siletz River at Siletz, Oregon, 1906- 1911, 1926-1 960, (4 1) 
(8) South For k Big Butte Creek near Butte Falls, 19 18 -1 922, 

1926 -1 960 (40l 
(9) Grande Ronde River a t LaG rande, Oregon, 1904-1915, 

1919-1960 (52) 
( 10) Silvies River near Burns, Oregon, 1904-1 905, 19 10- 19 1l, 

19 18-1 960 (48) 

The precipitation gaging stations a.Te: 

(1) Anacortes, Washington, 1893-1960 (68) 
(l) Walla Walla WB City, Washington, 1857- 1859, 1860 -1 86 1, 

1864, 1874- 1960 ( 93) 
(3) Chelan, Washington, 1892-1 960 (69) 
(4) Centralia, Washington, 1892, 1894, 1896 -1 897, 1902 -1 922, 

1925-1 960 (6 1) 
(5) Seattle WB AP, Washington, 1892-1960, (69) 
( 6) Kelowna, British Columbia, CANADA , 1900, 1903-1 960 (59) 
(7) Rosenburg, WB AP, Oregon, 1878 -1 960 (83) 
(8) LaGrande, Oregon, 1887, 1890-1 89 1, 1893 -1 895, 

1898-1960 (69) 
(9) Albany, Oregon , 1819-1960 (8 2) 

(10) Prineville 4NW, Oregon, 1897- 1902, 1904 -1 909, 1911, 
19 14-1 9 19, 1921 -1 926, 1928-1960 (57) 

( I I) 
(12) 
( 13) 
( 14) 
( IS) 

( 16) 
( 17) 
( 18) 
( 19) 

Kaweah R iver near Thr ee Rivera, California, 1911-1960 (50) 
Cherry Creek near Hetch Hetchy, California, 191 1-1 96 0 (50) 
Arroyo Seco near Soledad, California, 1902- 1960 (59) 
Trinity River at Lewiston, California, 1912 -1 960 (49) 
We st Fork Mohave River near Hespe ria, California, 19 0 5 - 1922, 
1930-1960 (49) 
Snake River at Moran, Wyoming, 1904- 1960 ( 51) 
Boise River near Twin Spring8, Idaho, 1912- 1960 (49) 
St, Joe RiveratCaider, Idaho, 1912 , 1921- 1960(41) 
Milk River at Milk River, Alberta, CANADA , 

1912 - 1960 (491 
(20) Kootenay River at Wardner, CANADA, 1928- 1960 (33) 

( 11) 

( 12) 

(13) 
( 14) 
( 15) 
( 16) 
(17) 
( 18) 
( 19) 
(20) 
(2 1) 
(22) 

Lakeview, Oregon, 1885-1881, 1891-1892, 1895-1898, 1901-
1907, 19 13- 1960 (64) 

Chico Experiment Station, California, 1811 -1 960 (90) 

Eureca WB City, California 1887- 1960 (74) 
Fort Ross, California, 1875-1960 (86) 
San Jacinto, Calirornia, 1887, 1893 -1 960 (69) 
Visalia, California, 1878 -1885, 1888- 1960 (8 1) 
Caldwell, Idaho, 1905- 1960 (56) 
Olkley, Idaho , 1894 -1 960 (61) 
Grace, Idaho, 1907 -1 960 (54) 
A'shlon IS, Idaho, 1899, 1901-1913, 19 15 -1 960 (59) 
Helena WB AP , Montana, 188 1- 1882, 1884-1960 (19) 
Lyndon, Alberta, CANADA, 191 1- 1960(50) 
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Fig . 18 Correlograms of 62 individual series in groups of 5 or 6 from V-. P e -, and Pi -se ries is a continuation of Fig. 11. The left column shows 

correlograms for 20 additional series from the V-series, numbers 21 -40 and the middle column shows correlograms for 20 additional ser­
ies from the P -series , numbers 21-40 , taken from the second large sample of river gaging stations (n : 446). The right column shows 

e 
correlograms for ZZ additional series from the Pi-series, numbers 23-44, from the large sample of precipitation gaging stations (n, 114 1). 

For V-series and P e -series the confidence limits at the 95 percent level of significance for the normal independent variables are given as 

estimated by eq. 2. 10 from two values N" 50 and N" 40 and for the Pi-series for the N = 10 and N · 60 , The mean Pk as estimated 

by eqa. 2. 3 and 2. 23 are also plotted on each graph with Nm' the average length of series in each group. 

The river gaging stations are: 

(21) Weber River nea.r Oakley, Utah, 1905-1960 (56) 
(22) White River near Meeker, Colorado. 1902-1906. 

19 10- 1960 (56) 
(23) Lion Creek near Halfway. Colorado. 1909-1960 ( 52) 
(24) Bull Lake Creek near Leonore, Wyoming, 1919 -1 960 (42) 
(25) Little Missouri River near Alzada. Montana, 1913, 1916-

1925. 1929 -1 960 (43) 
(26) Dolores River at Dolores, Colorado, 1896- 1903. 191 1-19 12. 

1922-1960 (49) 
(27) San Pedro River at Charleston, Arizona, 1905, 19t3 -

1950 (49) 
(28) Verde River below Bartlett Dam, Arizona, 1889-1960 (30) 
(29) Red River near Q.1esta. New Mexico, 1913- 1960 (41) 
(30) Bluewater Creek near Bluewater, New Mexico, 1913-1915, 

191 7- 1918,1 928- 1960(38) 

The precipitation gaging stations are: 

(23) 
(24) 
(ZS) 
(26) 

('7) 

(28) 

(ZO) 
( 30) 

Fillmore, Utah, 1892 -1 960 (59) 
Moab, Utah, 1890-1960 (11) 
Salt Lake City WB AP, Utah, 1875- 1950 (86) 
Lusk, Wyoming, 1890 -1 892, 1896-1899, 1902 -1 909, 
19 12-1 918 , 1921-1960 (62) 
Fort Collins, Colorado, 1873- 1814, 1880, 1882-1884, 
1887-1 960 (80) 
Leadville, Colorado, 1889-1890, 1896-1904, 1908-1960 
(64) 
Durango, Col orado, 1889, 189S-1960(67) 
Jerome, Arizona, 1898-1899, 1901-1915, 1917, 
1919-1960 (6 0) . 

(31) Middle Fork Forked Deer River near Almo, Tennessee, 
1930-1 960 (31) 

(32) Eleven Point River near Ravenden Springs, Missouri, 
1922-1960 (39) 

(33) Tarkio River near Fai rfax , Missouri , 1923-1960 (38) 
(34) Marias Des C ygnes River near Ottawa, Kansas, 190 3- 1905, 

1920-1 960 (44) 
(35) P etit J ean Creek at Danville , Arkansas, 1917- 1960 (44) 
(36) Yegua Creek near Somerville, Texas, 1925 -1 960 (36) 
(37) Colorado River at Ballinger, Rex8s , 1908-1960 (53) 
(38) Llano River near Junction, Texas, 1916 -1 960 (4S) 
(39) Leon River near,Belton, Texas, 1924-1960 (37) 
(40) Neches River at Evadale, Texas, 1923-1960 (38) 

(31) Tuscon, U oC A, Arizona, 1876-1960 (85) 
(32) Wolf Canyon , New Mexico, 1912-1960 (49) 
(33) lone, New Mexico, 1916- 1960 (45) 
(34) Ashland DOC8, Kansas, 1889-1960 (n) 
(35) Manhattan No.2, Kansas, 1858-1 960 (103) 
(36) New Madrid, Missouri, 1894- 1960 (67) 
(37) Stephenville, IE, Missouri , 1893-1960 (68) 
(38) Marlow 1 WSW, Oklahoma, 1901-1960 (60) 
(39 Mena, Arkansas, J 888 -1 889, 1891-1 909, 1911-1960 (71) 
(40) Coleman, Texas, 1818 -1 880, 1882, 1895-1960 (70) 
(41) Galveston WB City, Texas, J871-1960 (90) 
(42) Greenville 2SW, Texas, 1900-1960 (61) 
(43) New Braunfels, Texas, 1889- 1906, 1908 -1960 (71) 
(44) Raymondville, Texas , 1911 -1 960 (50) 
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Fig. 19 Regional distribution of the first serial correlation coefficient for the large sample o f precipitation gaging stations (n = t 141 ) from Wes"tern North America, The small circles are locations of precipitation gaging stations. Isolines of equal values or r I (i, s. c . c.) are drawn sh owing no systematic patterns in the areal distribution of positive or negative values, especially of the extreme values. 



Correlog r ams oC the series of annual river I 
now , annual effective precipitation, and annual p r e­
cipitation in North Western Americ a, according td the 
above analysis, do not point to any patterns in sequence 
of cyclical cha racter or to a significant trend. The 
Cact that several correlograms start with high average 
values of r l through r3 and then decrease slowly 

Cor a greater lag k, only points to the fact that some 
moving average scheme may be present . These 
schemes are like ly to be only the produ ct of water 
carryover in river basins from year to year and its 
outflow in subsequent years either through surface 
and ground water Clow or through e vaporation and 
evapotranspiration into the atmosphere. 

6. Effect of le ngth of time se rie s. As has 
been s hown above, the dependence increases with an 
inc rease of the time series length . This conclusion 
s hould be accepted very cautiously, because the 
com parison of a 30-yea r period (193 1- 1960) with a 
longer average length (37 and 54 years, respectively 
for V- and P(se ries) may be misleading. By pure 

chance or sampling fluctuations . the period of 30 
yea rs may show e ither a greater or a smaller time 
dependence than a somewhat longer ave rage length 
which includes this period ot 30 years. 

It i s likely that a longer average period than 
30 years will have a larger amou nt of nonhomogenei ty 
in the data (a larger quasi-stationarity). so that thi s 
tactor may produce a somewhat greater dependence 
in longe r series than in sho rter se l'ie s . 

7. Re~ifnal distribution of first serial 
cor relation coe icient . . Figure 19 shows the iSo­
rines of the hrst se r ial cO I'rt:iatioll coeffi cient s of 
annual precipitation . . -\ tota l o f t 141 precipitation 
stations have been used with 1141 values of r 1 
The small circles l'cprt!!lcnt the posit ions of these 
statlons. 

The Isolines of r I 8how islands of high 

values of r l (0. 3 to O. 4) as well as ot" low values r l 
( - 0. 2 to ·0.3) . There is no lJystematic pattern in the 
areal distribution of r 1 Islands of high and low 

values cover equally v~ry humid regions as wcll as 
very arid regions. 

It is quite unlikely that the patterns in areal 
distribution o f r l as shown in Fig. 19 would repeat 

themselves in a future sample which wou ld be inde­
pendent of this sample used for Fig. I () , There fore, 
Ihe main hypothesis is advanced here that the regional 
distribution of r l as sho wn in Fig. 19 is most ly the 

result of sampling fluctuations. In other words, by 
an increase of the pe r iod ot obServation those Islands 
of high and low values will decrease in ab solute values 
o f r t and converge to the e xpected mean, which is 

somewhere around zero . It is logical to expect that 
a prevalence of more positive values than negative 
values is pa rtly produced by som e small effe ct of non­
homogeneity in data (quaSi - stationarity). The other 
facto r for this p revalence o t positive values may be 
the carryover of moisture from year to y ear and its 
Impact on the evaporation of prec ipitation between the 
cloud base and the grou nd (See Part I , I , p. 15-17 ). 

8. The case of the Missouri River. 
The sampling flu ctuation of the first s. c. c . is 
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discussed here with the Missouri River a s an example. 
Figur e 20 shows the Missouri Rive r Basin with it s 
main tributaries and main s torage reservoirs as 
developed by 1963. Figure ZI s hows the fluctuation of 
wet and dry years in millions of acre feet for the 
Missouri River gaging station near Sioux City, Iowa. 
for the calendar years of the period 1898-1962. The 
characteristics of this station are given in P art I ( I , 
Appendix 1, pages 28 and 29, and Appendix Z, page 36] 
for the water years of the period 1897- 1955. The 
period after 1955 of this study in Part 1 has been ex­
cluded because of the large impact of storage rese r ­
voirs upon the fluctuation of wet and dry years. The 
river basin at this station covers 314,000 squa re 
miles. The fi r st serial correlation coeffi cient for 
annual flo w at this station is r I • 0.590 and for 

annual effective precipitation It is r l " 0, 53Z [ t. 

Appendix I , page 29] . 

The upstream station of the Missouri Rive r 
at F o rt Benton, with an area of 24,000 s quare miles , 
shows s imilar patterns in sequence as measured by 
r 1 (f. s. c, c.) as the downstream station near Sioux 

City . For the 65-year p~riod of observation ( 1890-
1955) at F ort Benton the fir s t serial correlation co­
efficient of annual flow s is r l · 0, 593 and o f a nnu al 

e ffective precipitation it is 1'1 z 0 . 582 (I, Appendix 

I, pages 28 and 29]. Therefore, the main s tream of 
the Missouri River has annual flows which lire h ighly 
corre lated with r l ~ 0,60 approximately. However, 

the Mississippi River below the confl uence of the 
Mississippi River at St. Lou is s hows a smaller first 
serial corre lation for both annual fl o w and annual 
effective precipitation. Th ey are O. Z94 and O. 30 2, 
respectively or r

t 
~ O. 30 appr oximately . This 

means that the Missouri River BaSin has a part icular· 
\y high value of r I in co mparison to the Mississippi 

after the ir conIluence . 

The main que stion that arises is whether the 
high correlation is a permanent pattern for the 
Mi ssouri River or whether it is mostly a product of 
sampling flu ctuations of wet and dry years . In t he 
case the sam pling flu ctuation predominates the p opu -
1ation se ries of annual Clo w is supposed to be highly 
correlated . In this case most of the high positive 
corre lati on comes from the sampling fluct uation oC 
r 1 about a mu ch lower population value o f PI' It 

can be concluded on the other side that a pa rt of the 
positive serial correlation (as me asured by r I ) of the 

Missouri River is produ ced by water carryover from 
year to year which is released to the atmosphere In 
subsequent years by evaporation and evapotranspira­
tion. In support of this conclus ion is the fact that 
there is a signHicant diffe r ence between th e first 
seri a1 co rrelation coefficient of annual pl'ec iplta.tion 
in the Missouri River BaSin as shown by isolincs 
of r 1 1n Fig. 19 and thc fir s t cor relat ion coeffici ent 

of annual flow as given above for the two gaging sta­
tions. It ean be assumed also that a part of the high 
positive fir s t serial correlatio n coefficient In annual 
flows was produced in the his tori cal data by nonhomo­
geneity and/or inconsistency in the data. The period 
1890-1960 in the Missouri River Basin was one ot a 
constant increase in population a nd water depletion by 
man-made s tructures and other measures, There 
must be a small trend in average annual flow (a de­
crease) whi ch may account for an increase in r I 

(f. s . c. c.) , 
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F ig . 20 The Missouri River Bas in with main tributaries and main s tor age reservoirs as developed by 1963, 
The thret: rna.!n river gagini stations used a re : Fort Benton and Sioux City on the Missouri River and 
St . Louis on the Mi sSissippi River. 
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Fig. 2:1 

v v 

Calendar Year 

Time series of the annual flow of the Missouri River near Sioux City, Iowa, for cale ndar years 
UI 98- 196Z. The main pseudo -cyclicity is e mphasized for the period 192:5-1962: by a dashed heavy line , 

40 



Figure Zl shows a particu lar clus te r of wet 
and dry years from 1929 to 196Z. On the a ver age 
there was a dry period in the thirties , a w~t pe r iod in 
the forties and ear ly fi fties, and a dry period again in 
the late fifties and early sixties. Thi s type of cyclic 
moveme nt In the last 30 years is not evident systemat­
ically th roughout the United States, or even in the 
Middle West o r West . It is particularly marked, 
however, in the Missouri River Basin and some s ur­
rounding t1r(!a s [ I , Appendix I, pages l8 and Z91 . 
Thi s particula" movement o r cluster of wet and dry 
years is mostly responsible lor a large first serial 
corrclation eoeffidcnl in the annuaillow of the 
Missouri River. 

A hypothesis atlvanc-cu here is that the par­
ticulal' ctustrlr and the result ln/{ positive serIal cor ­
relutlon of wet anu dry yeal's along the Missou ri 
River is largely a product of sampling fluctuation, 
but the other fa ctor s 0.130 affect this positive co rrela­
tion . The high first serial correlation coefficient is 
assumed herc to be produced by these factors: ( I ) 
sampling cluster of wet and dry years in a pseudo­
cyclicity for the last 30 - 35 years; (2) water carry­
over in the river basin from year to year which is 
released to the atmosphere by evaporation in subSe­
quent years (dif£erence between r 1 for V- and P

e
-

series is small, so that the carryover from year to 
year which is released through river flow in subse­
quent years is small); and (3) nonhomogeneity in data. 
whic h is a conseque nce of the co nstant flow depletion. 
The hypothesis of sampling fluctuation as the dom inant 
fa ctor is worthwhile for further investigation because 
01 its impli cation to design c rit e ria and to the opera­
tion of large Storage reservoirs in the Missouri River 
Bas in for ovt!ryear flow regulations, 

A question ariscs as 10 the probability that 
the next period of 30 ~ 35 years will have a similar 
sequence of wt!t a nd dry years us the past period of 
30 - 35 years. The next question is a r e there any 
pal't icula r physical causal fa ctors which would pro-
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duce the pseudo-cycliCity of the type shown in F~. 
ZI in the Missouri Rive r Basin which do not act m 
other r egi.ons of the United States or elsewhere. The 
compar ison of the period 1898-t92.8 with the period of 
1929- 1962 (or the Missouri Rive r near Sioux C ity as 
s hown In Fig. 21 (It s hould be not ed tha t F ig. I I 
gives annual n ows for cale ndar years wh ile P a rt I. 
Appendix Z, page 36 gives the a nnual n ows for water 
years) points out t hat t he p r obability of a repetition 
of the c1uster of wet and dry year s of the period 
t 9Z9- 196Z is at least smaUer than 50 ~rcent_ Any 
comparison with ot her regions in the United Stat es 
will decrease this probability, T he study of the 
atmospheric processes which lead to precipitation 
and c r eate e vaporation does not support any assump ­
tion that there may he som e particular fact ors whi ch 
arc proper only lor the Missouri River Basin and 
which favor or even consistently produce the above 
described patterns in the sequence of wet and dry 
years of the period 19l9 - 196Z. 

A systematic study of clusters of wet and 
dry years In the Missouri River Basin is worth whUe . 
This may lead to a separation of the effects of the 
three main causal factors of high values of r 1 

(C. s, c . c. ): the sampli ng effect, the carryover erc~ct, 
and tht! nonhomogeneity in data (deple t ion) elfect. The 
practical impo rtan ce o f this analysis would lie in 
bettcr deSign and operation of large reServoir stor­
age capacities in the river basin. The cluster of 
wet and dry yeurs as experienced in the period IDl9-
106Z requires s[lt!eial operation criteria and larger 
storage capa cities fo r a given degree of now r egula­
tion than the c luster of wet and tlry years of the 
period 1898-19Zti. If the cluster of the period 19l9-
1961 has a small prohabilily of repeating itsel f in the 
ncar future , which it! the hypothesis advanced here, 
th~n the actual s torage capacities are either over­
d~signed when hased on that cluster o r the e ffect and 
benefit of sto raf!le res~rvoirs will be greater in the 
future than thosl:' evaluated or computed by using this 
cluster. 



E. EFFECT OF' INCONSISTENCY AND NON HOMOGENEITY OF DATA 

I . Errors and nonhomoge neity. Errors 
and nonhomogenelty in data have been discussed pre· 
vious ly in Part I (I , Chapter E, pages 22-25) . Ran· 
dom errors a nd systematic errors, being defined 
he r e as inconsistency In data. have bee n analyzed 
brie n y in P a rt I with the conclusion that the data of 
many river gaging stations and many precipitation gag· 
ing stations have a higher or lowe r degree or inconsis · 
tency . It can be proved by s tatistical analysis that an 
independe nt lime series becomes dependent when the 
ser ies has be en s ubjected to mod ifications by incon · 
sistencies in the fo rm of jumps or trends. The non· 
homogeneity In data has already been defi ned a s 
changes In time se ries produced· by significant acci­
dents in nature and by man-made structures and 
other r egulatory measur es in r iver basins. 

T he study of t he e ffects of inconsistency and 
nonhomogeneity In data will be the 8ubject of further 
investigation and these results will be presented in a 
special paper. A comparison of d is tributions of the 
first serial co rre lation coefficie nt tor two large 
samples or ser ies of a nnual precipitation (a sample 
of homogeneous and a sample of nonhomogeneous 
data) is iive n here for the simple purpose of showing 
that the positive se rial correlation in the series of 
annual now, a nnual eCfective precipitation and annual 
precipitation is partly produced by inconsistency and l 
or nonhomogeneity in data. 

2. Comparison of homogeneous or consis ­
tent data with samples or nonhomogeneous or incon· 
siste nt data. Figures Z2 and Z3 give probability dis­
tributions of the first serial correlation coefficient 
(rl) for the series of annual prec ip itation of the large 

sample of 1141 precipitation stations w ith the dati 
cons idered as homogeneous and lor consistent (P. -, 
-se ries) and of the large sample or 47.3 precipitation 
stations with the data found or c onsidered as nonho · 
mogeneous and/or inconsistent (P . J - se ries), , 
Figur e 20 r efers to the longest period of observation 
available ror each se ries of both samples of stations, 
a nd F ig. 21 r efers to the simultaneou s pe r iod of 
observation 193 1- 1960 for all series of both samples. 
The d istributions of the first serial correlation coe f­
ficient of normal independent variables are also given 
in Fig. II and 23 for comparative purposes . The 
mean PI and the va riance of the r

l 
- distributions 

of t he normal indepe nde nt va r iables are estimated by 
moments of e ithe r eq. Z.2 or eq. 2. J . 

The series with nonhomogeneous andlor in ­
consiste nt data are those which were fou nd as such 
either by a consistency or a homogeneit y test by the 
rive r flow forecasting s ervice of the U. S. Weathe r 
Bure au or by the author because of a substantial 
change in the station position {horizontal or vertical 
change or gage position during the observation perioct. 

The average values V] for homogeneous 

(and/or consistent) and nonhomoge neous (and/or in­
consistent) data of series 30 year s long are 0.028 
and 0.053 , respectiv('ly. The ave r a ge 1'"1 fo r ho· 

mogencous (and/or consistent) and nonhomogeneous 
(snd/or inconsis ten t) dats of se ries of maximum 
available length of observation are 0.055 and 0.07 1, 
respectively. The r

J 
- distribution of the P i l -

-series is above the r
l

• dist ribution of the Pi 1 -

·series in both fi gures . These distributions a re also 
above the 1'1 - distributio n o f the normal indepe nde nt 

vari ables for the lengths of series which co rre s pond 
to p l

j 
• and pi! _ se ries. r espectively . The aver-

age values r
1 

( p i i) a nd r
l 

(P\) as well as the 

distributions of TI (pli) and r
1 

(P\) show that the 

nonhomoge ne it y a nd lor inconsistency in data is not a 
negligible fact or in producing the dependence in the 
ti me series of annual precipitation. Nonhomogeneity 
and inconsiste ncy are very often present in annual 
values ot rive r n ow and derived effective precipitation 
as shown to e x ist in the data or annual precipitation . 

Altho ugh there may be a disagreement about 
the c lassification or prec ipitation data into homo­
geneous o r consistent and nonhomogeneous or incon­
sistent samples, the lar ge number of stations in the 
two classes (P~ - and P~ - series) te nds t o m ini­

mize error due to this cause and to validate the con­
clusion that nonhomogene ity and incons istency in 
data increase, on the ave r age . the dependence in 
time series. 

The conclusio n derived from these tw o 
samples of annual precipitat ion about an increase of 
depe ndence in time series by an inc rease ot nonhomo­
ge nelty may be s upported by theoretical analysis. 
Wheneve r a tre nd of a j um p or the combination of the 
two is introduced by any process into an independent 
time series , the average result is that the series be­
comes depende nt in se quence . The reservation here 
is made by stating that this occ urs on the a verage. 
Sampling in time from a population of independent 
time se r ies produces se r ies with s mall dependence 
( in the range or sampling nuctuation). It may happen 
that the process of introducing the nonhomogeneity o r 
inconsistency into data of a series in the form or 
jumps or trends o r both may increase or dec r ease 
this sampling dependence. Howeve r , tor many 
series subjected to this analysis the average result 
will be that their dependence will increase . 

3. HyPothes is of quasi · s tationarity. The 
previous , as well as the above analysis, leads to a 
hypothesis of the existe nce of nonhomoge neity and 
inconsistency in all data of river flows and precipi-
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Fig. ZZ Comparison of the distributions of the first serial correlation coefficient of homogeneous (and lor 
consistent) and nonhomogeneous (and/or Inconsistent) time series of annual precipitation in Western 
North America: (1) distribution of r 1 (f. s. c, c , ) from the large sample of 114 1 precipitation gaging 

stations of the series of annual precipitation considered to be homogeneous and/or consistent (p.l • 
• series) with an average length of series Nm • 54; (Z) distribution of " (f. s, c, c.) from the large 

sample o f 473 I>recipitation gaging stations of the series of annual precipitation found or co nsidered to 
b<.' t\onhomogelLeous antllor inconsistent (Pi 2-serics) with an averagc length of series Nm ; 57 yearS; 

(3) distribution of r I (f. s . c. c.) from normal independent variables with the mean PI estimated by 

cqa. 2.3 and 2.23 and the variance estimated by eq. 2.7 with Nm : 55.5 (average of 54 and 57); and 

(4) distribution of r l (C. s. c. c.) from normallndt'pcndent variables with the mean PI and the 

variance estimated by moments of eq. 2.2 with Nm ~ 55.5. 
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Fi !,l . 23 Comparison of the distributions of the first serial correlation coefficient of homogeneous and/or 
consistent and nonhomogeneous and/or inconsistent time series of annual precipitation in West ern 
NOl'th Amcl'i ca for the Simultaneous period 1931-1960 with N . 30: (I) distribution of r l (I. s. c. c.) 

from the large sample of 1141 pre cipitation gaging stations of the series of annual precipitation con­

siden::d to be homogeneous and/or consistent (Pi I-series); (2) distribution of r , (f. s. c. c .) fro m 

the large sample of 473 precipitation !,laglng stations of the series of annual precipitation found or 

considered to be nonhomogeneous and/or inconsistent (PI Z-series); (3) distribution of r I (f. s . c . c . ) 

from normal independent variables with the mean PI estimated by eqs . 2. 3 and Z. 23 and the 

variance estimated by eq. 2.7 with N ; 30; and (4) distribution of r 1 (f. s . c . c . ) from normal inde­

pendent variables with the mean PI and the variance estimated by moments of eq. Z. Z with N ; 30. 
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tation. With a degree of non homoge neity and in­
consistency which varies greatly from series to 
series and from va.riable to variable (now, effec ­
tive precipitation, precipitation at the ground, eva­
poration, change in water carryover, etc.), even 
the detection and re movaJ of jumps o r trends by 
appropriate corrections will stiU leave nonhorno­
geneityand inconsistency in tne data, but to a 
small degree. This small degr ee of nonhomogeneity 
and inconsistency in data which is un.removable in 
toc practical sense, is defined here 8S the quasi-
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stationarity of the data. The impact of quasi­
stationarity o n tne depe ndence of time series may 
be small , eve n sometimes undetectable by c urrent 
statistical techniques or tests, but it is always 
present. 

This hypothesis of quasi-stationarity in 
hydrologic data warrants a systematic investigation, 
both by theoretical and by practical analysis a nd 
tests. 



F. EFFECTS OF CUMATIC CONDITIONS ON SERIAL CORRELATION 

1. Climatic conditions. Climatic conditions 
are understood here as being measured by the water 
yield either from the atmosphere to the ground as the 
average annual precipitation in inches or as the speci· 
lie water yield of river basins at the st ream flow 
gaging stations expressed as the average flow rate in 
cubic leet per second per square mile. The cllect 
of climatic conditions on serial correlation may be 
studied either by regions or through a relationship 
between the serial COrrelation coefficients and the 
me asures oC water yield. The regional distribution 
of the first serial COrr elation coeffi cient Cor time 
series of annual precipitation Is shown in Fig. 19. 
The relationship of the first serial correlat\on co­
efficient of the various series (V- , P e - , Pi -, and 

Pi Z- seriesj to the water yield is analyzed here. The 

total range of variation of the average annual precipi­
tation is divided into three groups: small, medium, 
and large. For each group the distribution of r 1 

(l. s . c . c. j is given, and the three r 1 -distributions 

are compared. Similarly, the average specific water 
yield of the river basins is used to divide t he time 
series of annual river flow into three groups: small, 
medium and large average specific yield. For each 
group the distribution of r

1 
(f. s . c . c . ) is also 

given. and the three r I -distributions are compared. 

'1 
flow) of the second large sample of river gaging sta­
tions (n = 446) in Western North America for the 
three different ranges or the specifiC water yield in 
ds/sq. mi. of river basin area and for the maximum 
length or observation of each series with the average 
length Nm • 37: (I) q = 1. 4-10.6; (l) q" 0.5- 1.4; 

<IV) 

Fig. l4 Distributions of the first serial correlation 
coefficient for V-series (annual flow) of the 
second large sample of river gaging stations 
(n " 446) in Western North Am erica on car­
tesian-probability scales with Nm • 37 fo r 

the three ranges of specific water yield: (1) 
q . 1.4-10.6 ds/sq. mi.; (Z) q = 0.5- 1.4 
ds/sq. mi.; and (3) q • O. 0-0. 5 dB/sq. mi. 
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and (3) q " O. 0-0 . 5 ds/sq. mi. Figure Z5 gives the 
same r 1 -distributions but for the simultaneous period 

of obser vatio n 1931 -1960 with N · 30. 

Figures l6 and l7 represent the same r 1-

distributions and ranges of specific water yields as 
the corresponding Figs. 24 and 25 except that F igs. 
26 and l7 refer to P e -series (annual effective pre-

cipitation) of the second large sample of river gaging 
s tations (n • 44 6) in Western Nort h Am erica. 

Figures l8 and 19 represent the same r I -

dIstributions as the corresponding F igs. l4 a nd l5 
except that Figs. l8 and 19 refer to the 

Pi I · series (annual precipitation of homogeneous and/ 

or consistent data) of the first large sample of pre­
cipitation gaging stations (n '" 11 41) in Western North 
America for three ranges of average annual precipi­
t ation: (1) P E l7-180; (l) p . 16.5-27; and (3) 
p " 0.0- 16.5 inches . Figure 28 refers to all avail­
able observation» with Nm " 54 while Fig. 19 refers 

to the simultaneous observation 1931 - 1960 with N"'30. 

Figures 30 and 31 represent the same r l -

distributions corresponding to Figs . l8 and 19 
except that Figs. 30 and 31 refer to Pi 2- s eries 

(annual precipitation with nonhomogeneous and/or 
inconsistent data) or the second large sample of 
precipitation gaging stations (n = 473) in Western 
North America for the ranges of average annual pre­
cipitation:( I ) p • . n. 5- 130;. (Zl P " 17. o-n. 5; and 
(3) P '" 0.0-17.0 lnches. Flgure 30 refers to all 
available observations with Nm a 51 while Fig. 31 

refers to the simultaneous observation 1931-1960 
with N = 30 . 
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Fig. l5 Distributions of the first serial corre lation 
coe ffic ient for V-series (annual flow) of the 
second large sample of river gaging stations 
(n " 446) in Western North Americ a on car­
tesian-probability scales for the simultaneous 
observations of 193 1-1 960 with N a 30 for 
the three ranges of speCific water yield: 
(I)q = 1.4-10.4ds/sq. mi.; (Z)q: 0.5-1.4 
cfs/sq. mi.; and (3) q " 0. 0-0 . 5 ds/sq. mL 
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Fig. 26 
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Distributions of the first Be rial correlatlon 
coefficient tor Pc ·series (annual effective 

precipitation) of the second large sample or 
river gaging s tations (n • 446) in Western 
North America on cartesian-probability 
scales with Nm :: 31 fo r the three ranges 

of specilid water yield: (I) q . 1.4-10.4 
ers/sq. mi.; (2) q . 0, 5-\. -4 cis/sq. mt.; 
and (3) q '" 0.0-0 . 5 ds/sq. mi. 

Fig. 28 Distributions of the first serial correlation 

coeffi cient for Pi I· series (annual precipi­

taUon with homogeneous and/or consistent 
data) of the first large sample of precipita­
tion gag ing s tations (o • 1141) in Western 
North America from all available data with 
N

m 
,. 54 on carteSian-probability scales for 

the three ranges of averaac annual precipiti­
taUon; (I) p . l7-180 inches; (l) P" 16. 5-l7 
inches; and (3) P" 0.0-16.5 inches. 
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Fig. l7 
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Distributions of the first serial correlation 
coefficient for P e -series (annual effective 

precipitation) of the second large sample u f 
river gaging stations (n " 44 6) in Western 
North America on cartesian-probability 
sca les for the simultaneous observations of 
1931-1960 with N" 30 for the three ranges 
of water yield: ( I )q ~ 1.4-10.4cfs/sq. ml ,;: 
(l) q " 0.5-1. 4 cIs/sq. mi.; and 
(3) q'" 0.0-0.5 cIs/sq. mL 

Fig. 19 Dist ributions of the first serial corrt!lation 

coeffi cient for Pi I- series (annual precipita­

tion with homogeneous and/or consistent 
data) of the first large sample of precipitation 
gaging stations (n" 1141) in Western North 
Arne rica for the simultaneous observations 
of t 931-1960 with N " 30 on cartesian­
probability scalt!s for the three ranges of 
average annual precipitation: (I) P " l7- 180 
inches; (l) P" 16. 5-l7 inches; and (3) 
P " D. 0-16. 5 inches. 
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Fig. 30 Distributions of the fir st serial correlation 

coclticient for Pi 2-serics (nonual precipita­

tion with nonhomogeneous and/or inconsistent 
data) of the second large sam ple of precipita­
tion gaging stat ions (n a 4 73) in Western North 
Ameri ca from all available data with Nm ~57 

Fig. 31 Distributions of the firs t serial correlation 

coefficient for p.2-series (annual precipita-, 

on cartesian-probability scales for the three 
ranges of average annual prec ipitation: 
( I ) P " 32.5-130 inches; (2) P" 17.0-32.5 
inches; and (3) p . 0.0-17 . 0 inches. 

TABl..:E 4 

tion with nonhomogeneous and for inconsistent 
data) of the second large sam ple o f pr ecipita­
tion stations (n " 4 73) in Western North 
America from the simultaneous observations 
of 193 1- 1960 with N . 30 on cart esian ­
probability scales for th e three ranges of 
average annual precipitation: ( t ) p . 32. 5-
130 inches; (2) P " 17. 0- 32. 5 inches; 
(3) p . 0.0-17.0 inches . 

S C ' 2. C r 'C' ta tistical parameters or rl-dlstrlbutlOns 0 V- . P e -, PI - . and Pi -senes, o r three ranges 0 specllc 

water yield or average annual precipitation for each series, and for longest or Simultaneous period of ob­
se rvation, as given in Figs. 24 t hrough 31. 

Number Average Range Number of Average Standard Skewness Kurtosis 
oC siz.e of q in ers/sq. mi. stations - deviation Coefficient 

k Series Stations Series or P in inches per range " s{r l ) esc , 

1. 4 - 10. 6 146 O. 2 17 O. 198 O. 134 3.4 
37 O. 5 - I.' "5 0. 165 g: !~: :~ :~~ 4.4 

o 0 - 0.5 " 5 0 "2 • 2 
V 446 

L4 - 10.6 " 6 O. 118 0.218 O. 118 3.6 
30 O. 5 - L4 "5 O. 123 O. 166 O. 963 5.5 

11193 1-1 960 0.0 - 0_ 5 '" O. 165 O. 168 ~ 4. 0 

1.4 - 10.6 146 0.1 93 O. 202 o . 353 3.4 
37 0.' - L4 155 0. 160 0. 156 Q..lli 4.' 

P 446 0. 0 - 0.5 145 0. 181 0. 189 0.451 2.' 
e 1.4 - 10.6 146 Q..ilj; Il..lli O. 225 3.0 

I I I 30 0.5 - 1.4 155 O. 114 O. 162 .L...Q.!.fL 4. , 
1931- 1960 0.0 - 0 . 5 145 0. 16 3 O. 193 0.509 3. 2 

21.0- 180.0 380 Ul9 0.136 Q.ill 2.8 
54 16. 5 - 27.0 38 1 0.050 O. 140 o. 225 3.0 

p. 1 
O. 0 - 16. 5 380 0.041 ~ O. 136 3. 2 

1141 
27.0-180.0 380 ~ 0.1'54 - 0. 158 3_ 3 , 

30 16. 5 - 21.0 38 1 0.029 0.161 .1l...Z2l 3_ 0 
(1931-1 960) o. 0 - 16.5 380 0.0 16 2..il! O. 11 6 2. , 

32..5 · 130 . 0 156 0.062. O. 138 -0. 265 4 . 5 
51 11 . 0 - 32 . 5 160 ~ O. 147 ~ 2_ 8 

p2 
0.0 - 11 . 0 '" 0.064 ~ 0. 302 2_ , 

413 
n . 5 -130.0 -0.426 3_ , , 156 f!.J!O..1 0. 156 

30 17. 0 - 32,5 160 0.04 6 0. 173 -0.0 17 '. 5 
( 193 1-1 960) 0.0 - 17.0 151 0, 041 0. 180 Q...ill 2_ 6 
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The results of a comparison ot the r I-dis· 

tributions in the eight figures are summarized in 
Table 4. Each range contains approximately one third 
of the sample . Figures 24 through ]1 s how clearly 
that the r 1 -values are greater on the average for a 
greatcl;' range of either specific water yield or the 
average annual precipitation. Statistical parameters 
of rl-distributions of Fig. 24 -31 show that for 

nearly all eight figures except for P. Z·series and , 
Nm • 57) the gr eatest r 1 values are lor the great-

est specific water yields (q) o r the .Ereatest aver­
age annual precipitation (p) . The r 1 ·values 
decrease with a decrease of either q o r P • T he 
aver age value of the fi rst serial corr elation coelli­
cient for a sam ple is greater for a m or.! humid region. 
ComparisonB of the average values of r 1 among 

the high r a nges ofV- , P e -. p / -. and PiZ-series , 

and the medium and the low ranges of the s ame series 
show clearly that "it -values decrease from V-series 

to P
e 

-se ries , a nd especially from P
e 
-series to P

i
l 

se ries. The P .Z-series us ually has a greater "i t -
, I 

value for most of the ranges than the Pi -series . 

The above conclusion may serve as an indi­
rect t est of the effect of e vaporation in the air on the 
dependence in the series o f a nnual precipitation at the 
ground. In Part I [1, pages I S- 16] mathematical 
expressions have been developed for the evaporation 
of precipitation in the air between the cloud base and 
the ground. Based on that derivation, the hypothesis 
was advanced in Part I that the annual evaporation 
or precipitation in the air is a physical factor which 
depends on the humidity of the air, and this in tur n 
depends o n the annual evaporation from the ground 
and water surfaces i n a river basin and from the 
areas around it. Since the annual evaporation from 
the ground is affected by water carryover from pre­
viOUS years, the annual evaporation of precipitation 
in the air is alBo dependent on the carryover, but less 
than either the annual evaporation from the ground or 
the annual runoff f rom a river basin. 

The direct test of the eUect of evaporation of 
raindrops in the air on tre dependence in series of 
annual precipitation at thc ground cannot be car ried 
out because of t he lack of data on the precipitation at 
the cloud base for large number of stations. However, 
the above indirect t est may s how that there is an 
effect by this evaporation in the air upon the depen­
dence in the series of annual precipitation at the 
ground. 

The above analysis of the first se rial correIa-I 
tion cocfficient of the ranges of the specific water 
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yield and average annual precipitation is, in fact, the 
analysis of the differences in r 1 -distributions between 

humid, moderately humid, and arid regions. The 
fact is that humid regions have an annual p:recipitatio n 
at the ground which h as a higher value of r l than arid 

regions. This point s out that the greater dependence 
must be a result of a physical factor which has a 
greater influence on the time seri es of precipita.tion 
in humid regions than In arid regions. The most 
attractive physical factor seems to be the evaporation 
of precipitation in the air betwcen the cloud base and 
the ground. The water carryover from year to year is 
usually great e r in absolute value and per unit a r ea in 
humid regions "than in arid r egions. The impact of 
evaporation from the ground upon the evaporation o f 
precipitation in the air should be somewhat greater in 
hu mid r egions than in arid regions because of the 
water carryover from year to year. Thus the hypoth­
esis advanced in Part I may have som e support from 
the above analysis and discussion. However, this 
hypothesis must wait for sufficient data from precipi ­
tation measure m e nts at the cloud b ase in order to be 
proved o r disproved. 

Table 4 s hows that the s tandard deviation of 
rt-distributions is also the gr eatc st for the high 

range (or humid regions) of specifiC water yield for 
V- a nd P e -series. For annual precipitation or 

Pi 1_ and Pi Z-series the ueatest values of standard 

deviation are for the most arid regions. However, 
the differences in standard deviations are so small 
between ranges in both cascs that neither explanation 
nor hypothesis is advanced here about these differ ­
ences. 

The skewness coeffi cient of r I-distributions 

s hows a clear pattern between thc ranges for V- and 
P e -series. Th e humid regions have the smallest Cs r 
values for all cases of V- and Pc -series. For annual 

precipitation o r Pi 1_ a nd PiZ-scries there is no 

clcar pattern in Csr coeffi cient although onc third of 

them are negative and all others are relatively s mall 
in comparison with the V- and P e - s eries . Similar 

conclusions may be derived for the kurtosis kr of 

the r 1-distributions. For Y- and P
e 
-serics the 

average values or kr for I Z cases are greater than 

th.ree, while for l Z cases of P i
l - and PiZ -series 

the ave r age valu e of kr is c lose t o three . It can be 

concluded that t he r 1 -distributions for the three 

ranges of Pi 1- and Pi Z-serics are much closer to 

the normal distribution than are the r 1 - distributions 

fo r the three ranges of Y- and P e -series. 



G. CONCLUSIONS 

From the preceding analysis by serial cor ­
relation of the four lar ge samples of series of annual 
river flow, annual effecti ve precipitation, and annual 
pre c ipitation at the ground some basic conclusions 
may be de rived. 

The water carryover from year to year, and 
especially the constant change in t his carryover from 
year to year is the basic physical factor in time de­
pendence of the annual rive r now, annual effective 
precipitation and annual precipitation. 

This c hange in carryover affects the depen­
dence in three basic ways: 

(I) The part of the carryover which nows 
out of river basins by s urface or underground runoff 
is the basic casual factor for thOe annual river now 
having on the average a greater time dependence than 
the annual effective precipitation; 

(2) T he part of the carryover which goes 
into the atmosphere through evaporation and evapo­
transpiration from the s urface is the bas ic casual 
facto r for the annual e ffective precipitation having on 
the ave r age a much greater time dependence than the 
annual precipitation at the ground; and 

( 3) The part of the carryover which goes 
into the atmosphere through evaporation and evapo ­
transpiration from the surface of a river basin and 
adjacent basins is likely to be the basic casual facto r 
for t he annual precipitation at the ground having on 
the average a somewhat IP-eater time dependence 
than the annual precipitation at the cl oud base. This 
last statement should be understood to be more a 
hypothesis than a final conclusion. 
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Se rial correlation analysis , with appropriate 
statistical tests, has been use d with s uccess to 
detect some patterns in the seque nce of annual rive r 
now, a nnual effective prec ipitation and annual preci ­
pitation at the ground. There is no statistical or 
other evidence that any cyclic (or dete rministic) 
movement e xists in the se quences of these variablcs. 
There is no evidence , at least by the statistical tests 
used , that the average sun-spot cycle affects signi­
fica ntly the fluctuation of wet and dry year s of runon 
and r ainfall. T he seque nce of we t and dry years may 
be considered a s a pure stochastic process. The 
most like ly general stoc hastic mathematical m odel 
fitting the time dependence of the above series is the 
moving average sc heme . Among the various mathe ­
matical models for the moving average sche me the 
first and the sccond o rde r linear autoregressive 
model s , or Markov linear models , have been shown 
to Cit well the stochastic p rocess of the time series 
of annual now of river basins with substantial water 
carryover from year to year. 

Apart from the phYSical factor of water carry­
over, the inconSistency and nonhomogeneity of the 
data are shown to be factors Whic h increase on the 
average the time dependence. The jumps and trends 
c reated by nonhom ogeneity and/or inconsistency in 
data increase the time dependence. 

The serial correlation a nalysis further sup­
ports the conclusion made in Part I (1, page 26) that 
the causal factors of time dependence for annual flow 
and annual precipi tation should be anal~ed and 
accounted for before attempts are made to search for 
causal factors of this time dependence in the uppe r 
atmosphe r e , in oceans. and 1n solar and cos mic 
activities. 

I 
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There Is no statistical eVidence thai cycle s exilll in river flow 
Or precipitation Ume series beyond tile ast ronomic cycle of tile 
year. Moving average scllemes in general and the first and 
second order autoregressive scheme s (Markov linear mathe­
matical models) in particular tit sufficiently well the patterns 
in the s equence ot annual r iver flows of river baains .. Ith large 
water carryover. 

There Is roo stati6t1cal e Vidence that cyclell exist In river flow 
or precipitation Ume series beyond Ihe ulronomic cycle of the 
year. Moving average schemes i n general and the firat and 
aecond order autoregresldve schemes (Markov linear mathe­
matical modela) in particular fit sufficiently we ll the patterns 
in the sequence of annual river flowa of river basins with large 
water carryover. 
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There ;a no atatistlcal e Vidence that cycles exist in river flow 
or pre cipitation Urne aeriea beyond the astronomic cycle of the 
year_Moving average schemes in ilener al and the firat and 
second order auto r e greaaive achemea (Markov linear mathe­
matical models) in particular fit aufficiently well the patter!l8 
In the sequence of annual river flows of river baaina .... ith large 
water carryover. 

There ia no atatiatical evidence that cycles exiat In river flow 
or precipitation time aeriea beyond the astronomic cycle of the 
yea r . Moving average schemes in general and the firat and 
second o rder autoregresalve SChemes (Markov linear mathe­
matical models) In particular fit 6ufficlen\ly well the patterns 
in the sequenc e of annual r iver fl owa of r iver baain! with large 
wate r carryover. 
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