


























































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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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) . 

" r 



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 

------~--

._- ' ""'"----I 

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. 

17 



I 
" 

0 

" 
0 

"J 
I 

, 
.J 2! ., 

"it""""" --

r, 

" (.-) , ~-
(i ' 
I r, 

r, 

• 

0 

-" 
-~ " " 

0 
,-bl 

r. 

" 
0 OL-----------C~~- ~Jr~}·~"'~·~·~~,.~-----f 

_~.IN .m'0028 , , , 
-0< 

s.~ ) 
0.' 

-" r" " 
. '.c N.~) •. O.O~ 

Q, 

01 O~, 

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) 






































