

























































































the corresponding confidence intervals at the 95% level
for normal independent variables, The correlograms
of the 4 stations in Australia (21 through 24 inFig..8)
are well within the corresponding confidence intervals
with the same characteristics as the previous groups.
However, correlograms of the 4 stations in Africa

(25 through 28 in Fig. 8) show some departures from
the expected correlograms of normal independent vari-
ables. Lake Victoria and Lake Albert 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 of 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
correlogram in comparison with that of normal inde-
pendent variables, Its correlogram decreases con-
tinuously for the V-series from a high value r, =

i
= 0.555 to alow value r, = -0.533, The same holds

1
for the Pe-s eries. 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 problem of 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 offer 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 stations
(Lake Victoria outlet, Lake Albert outlet, and the
Nile River) have a first damping oscillation of i1,
20, and 8 years respectively, and the Niger River at
Koulicoro has half oscillation of 12 years (or full first
oscillation of 24 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 24 years. In the case
of correlograms of the first three stations the damp-
ing is rather fast, These types of correlograms may
be produced by a special type of moving average
scheme, especially, since the large lakes upstream
from those three stations and the evaporation from
them may create a particular type of moving average
scheme,

The St. Lawrence River at Ogdensburg, (N,
Y., U.8.A.) is treated as a particular case of water
carryover because of the large effect of the Great
Lakes. Observations from 1860 to 1957 (97 years)
give correlograms for V- and Pe—series which are

plotted in Fig,9. While the correlogram of Pe-
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series is well within the confidence interval at the
95% level for normal independent variables, the cor-
relogram of V-series has positive values for the first

eleven I, » and most of them (r , through rg) are

above the positive confidence limit, The shape of this
correlogram points toward the conclusion that either
the first order linear autoregressive scheme, eq.
2,39, or a moving average scheme of special type
may be the most appropriate mathematical model for
describing the patterns in sequence of annual flow.
Figure 9 gives the first order linear autoregressive
scheme P ™ Py » with pl{V) estimated by

ri(V} = 0,705,

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

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

(b, - r?
zl pl k E)

for k=1, 2, ., 17 gives

P, = 0.785. By giving a larger weight to the first

values of res @ least squares fit to the log r is
k

k

used, in which case the sum Z(k log Py ~logr, 2
i
is minimized with Py = 0.767.

Figure 10, upper graph, gives the observed
correlogram, and the correlograms of P Py

where P, 1s estimated in three ways: (a) as obser-
ved value of Py = rl(V) = 0.705; (b) by least square
fit to r,, and Py = 0.785; and (c) by least square
fit to log r,. and Py = 0.767, The lower graph of
Fig. 10 gives the differences Ark between the correlo-

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

L(95%s)
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Correlograms of the St. Lawrence River at
Ogdensburg, New York: (1) V-series; (2) B =
series; (3) first order linear autoregressive
scheme Py =Py . Wwith p, estimated by
the actual value ry = 0.705; and (4) confi-

dence limits at the 95 percent level for nor-
mal independent variables with N = 97,




(b) py = 0.785, and (c) py = 0.767. This last graph

also has confidence limits at the 95% level about the
expected mean of normal independent variables with

N=97, or Fi = -0.0104, and limits computed by
eq. 2,10 of +0.156 and -0.177 . Considering Ark,

after the correlogram of the first order scheme has
been deducted, as the correlogram of an independent
series, the test shows that for Py 0.767 and I

= 0.785 these differences Ark 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  through r

17..

The model of the first order linear autore-
gressive scheme is, therefore, applicable to the
series of annual flow of the St. Lawrence River,
Assuming t to be a normal standard variable (0, 1),

+ th"Ji—piz -I-l—pl, or for Cv=0.037

[1, Appendix 1], and Py 0,767

Ki= 0,767 Ki-1+ 0.0557 t + 0,233 3.5

1andt2,

the probability of occurrence of Ki within these limits

with K, = Vi!V . For given values of t

may be obtained from tables of the normal function,
and K1 and Kz may be obtained from the above

equation.

Figures 9 and 10 show that the water carry-
over from year to 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

. . lation. This is clear from the large positive
< =tV 1-p % , sothatthe Sonrs g
op e 29 1s €1 Rl 0 e initial ten Ty values, and the large length k of
model in modular coefficients becomes Ki = PlKi- { + | positive r, values.

k

L{95%)

Fig. 10 Correlograms and their differences for the St. Lawrence
River at Ogdensburg, New York. Upper graph: (1) V-
series; (2) first order linear alfctoregressive scheme,
with Py estimated in Pr = Py by the actual value

B 0.705; (3) first order linear autoregressive scheme

with p, estimated by least square fit to the r, values of

k ; and (4) the same as under (3) but with the fit of
Lower graph: (5) ex-

Pk ~ Py
_ k

r, to lag r) values of Py = Py

pected value of Py » estimated by egs. 2.3 and 2. 23 with

N = 97; (6) difference ar) of correlograms (1) and (2);

(7) difference ary of correlograms (1) and (3); (8) difference

ar, of correlograms (1) and (4).

k
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D. ANALYSIS OF THE SECOND LARGE SAMPLE OF

RIVER FLOW AND THE LARGE SAMPLE OF PRECIPITATION

1. 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 anmual
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 annmual 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 description of these two samples see
PartI [1, pages 8-9 and 18-21].

The second large sample of river flow
records has been treated in such a way that when two
or 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 effective precipitation

and annual precipitation at the ground in a large

gg[

FN=

region will thus give an insight into different 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, Pe-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. , the record length,

changes from station to station; and (b) the longest
continuous period common to all stations is used
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 is greater in the
first case, namely N_ = 37 years for the second

large sample of river flow records for 446 stations,
and Nm = 54 years for the large sample of homo-

geneous data of annual precipitation for 1141 stations.

2. Fre?uency distribution of the first serial
correlation coefficients. The distributions of the
f.s.c.c., computed from all data available at a sta-
tion, are plotted in Fig. 11 on normal probability

N (V=37
N (Pe)=37
N,.nEP;)-‘M

T (R)=0181—
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Fig. 11 Cumulative distributions of the first serial correlation coefficient for the series of the second large
sample of river gaging stations (n = 446) and for 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); (2) Pe-series (annual effective precipitation; (3) Pi-series (annual precipitation at the

ground); (4) normal independent variables, with the mean 51
variance estimated by eq. 2. 27, both with N

= 37 which corresponds to V- and Pe-series; (5) nor -

mal independent variables, the same as under (4) but with the mean Et estimated by eq. 2.2,, and

the variance by eq. 2.27; (6) normal independent variables, the same as under (4) but with N, = 54

which corresponds to P, -series; and (7) normal inde

Nm = 54 which corresponds to Pi-series.
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estimated by eq. 2.3 and 2. 23, and the

pendent variables, the same as under (5) but with



paper. The distributions plotted are for V-series,
Pe-series, and Pi—ser-ies, as well as for the normal

independent variables with N, = 37 (which corres-
ponds to V- and Pe-series) and Nj = 54 (which cor-
responds to Pi-series]. In both of these two cases,
?1 and s(ri] for the normal independent variables
are computed by moments from eq. 2.2 and eq. 2.3,

The average values of r
cases.

| are also given for all

In the range of probability from 2.5% to
97, 5%, a straight line may fit the r, -distribution of

V-series, Pe-series, and Pi'-series. These straight

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

dependent variables.
Assuming that the moments of eq. 2.3 for

normal independent variables approximate well the
case when r { is computed by the approximate ex-

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

independent variables, are

aTy(V) = 7,(V) - T; = 0.197 +0.028 = 0. 225

Mi(Pe} = rl{Pe] - T, =0.181 +0.028 = 0. 209
f.\ri(Pi) = rl(Pi) -7, =0.055+0,019 = 0.076

The above ?1 -values have been computed by simple
average procedure or by using eq. 2.19 for V-, Pe-,
and Pi-series, and by eq. 2. 23 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 America, the difference of

;1 for V- and P _-series is

?i(v) -?1(138) = 0,225 - 0,209 = 0,016,
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 which is
bound to flow out in following years. Similarly for

Pe- and Pi-series the difference is

ri(Pe) = rl(Pi} = 0,209 - 0,076 = 0,133,
A substantial portion of the positive serial correlation
in Pe-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= Pe + aW, with AW being the difference in water

Pi = Ei , with Ei
being the annual evaporation, and because aW and
Ei depend on the water carryover from previous

carryover for each year, and Pe =

years, these two magnitudes AW and Ei are the

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

P -series.
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While the first large sample of river flow
records from many parts of the world has shown that
the carryover in the form of surface and underground
storage {which flows out in successive years) account-
ed for a substantial portion of the positive serial cor-
relation in V-series, the second large sample shows
a relatively smaller impact of this carryover on the
dependence of the V-series. The annual evaporation
and the annual evapotranspiration {Ei) result as the

major causal factors for time dependence in both the
V- and Pe-series. Since Western North America

encompasses a large arid and semi-arid area where
the evaporation and evapotranspiration represent a
large portion in the water balance of river basins,
this result of a great effect of evaporation and 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
years in two ways: (a) by flowing out of river basin
through surface runoff and through underground out-
flow; and (b) by flowing out into the atmosphere
through evaporation and evapotranspiration. 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 models, 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 at the
ground is the main and the most significant general
result of this study.

Similarly as in Fig. 11, Fig. 12 gives the
distributions of the f.s.c.c. (ri) on normal probabil-
ity paper for V-, Pe-, and Pi-series for simultan-

eous records of 30 years (1931 - 1960) at all stations
as well as for normal independent variables, with ry

computed by the first moment of either eq. 2.2 or of
eq. 2.3, or with r, =0 and ry= -0.034, respective-

ly. In this last case for T,
ar (V) =7,(V) - T, =0.163+0.034 = 0.197
ArlfPe) = rj(Pe} -1, = 0,146 + 0.034 = 0.180

at,(P) =T,(P,) -~ T, = 0.028 +0.034 = 0,062

The difference between ?1{ - ) of V- and Pe-

series are

r (V) -Fi(Pe} = 0,017

and
r,(P) - T,(P) = 0.118 .

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 ?1(V}, ?1(Pe}.
and ?l(Pi) are somewhat smaller for 30-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;

(¢) The fitted straight lines to r, ~distribu-
tions for V-, Pe-, and Pi-series are similar in the
case of 30-year record, except that the slope of r-
distribution of Pi-series is somewhat smaller than

that of r, -distribution for normal independent vari-
ables of the same time series size of N = 30,

3. Frequency distribution of other serial
correlation coefficients. Apart from ry the distri-

butions of serial correlation coefficients, r_ through

2
r,,, are given in Fig. 13 for all years of observations

and for the following variables: (1) V, (2) B (3) P
(4) normal independent variables with Nm = 37, and
(5) normal independent variables with Nm = 54, Case
(4) serves for the comparison with V and Pe vari-
ables, and case (5) with the Pi variable, Similarly,
Fig, 14 gives distributions for rk-values with

k=2, 3, ..., i1 for 30 years of observation (1931-
1960) and for the following variables: (1) V, (2) B

(S)Pi , and (4) normal independent variables with
N = 30,

Both ?k and var r, for normal independent

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

1.0

covariance of xi and Xtk only (N-k)-values have

been used.

The objectives of presenting Figs, 13 and 14
in this investigation are: (a) to show that the distri-
butions of ry 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 ry for the Pi variable is closer to the

distribution of normal independent variables than the
distributions of ry for V and Pe variables; and

(c) to demonstrate that the use of N instead of N-k

in formulas for the expected value of r, and ofvar r,

introduces a departure in slope between the distribu-
tions of ry 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 rk-distributions
as k increases,

The general conclusions from Figs. 13 and 14
are:

(1) Average values of r, for V, Pe , and
Pi-series are closer to the average values ry of nor-

mal independent variables for large k-values
(k=7, 8, 9, 10, 11) than for small k-values (k = 2,
3, 4, 5, 6),

(2) Straight line fits to the distributions of
T for V-, Pe-, and Pi—variables parallel better the

straight line distributions for r of the corresponding

N =30 years

[T (Fe)=0M46
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Fig. 12 Cumulative distributions of the first serial correlation coefficient for the series of the second large
sample of river gaging stations (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: (1) V-series (annual flow); (2) Pe-series (annual

effective precipitation); (3) Pi-series (annual precipitation at the ground); (4) normal independent

variables, with the mean El estimated by eq. 2.3 and 2. 23, and the variance estimated by eq. 2._ 273

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

estimated by eq. 2. 27.

27



01,0512 5 10 2030 50 7080 9095 9899998 . 9999 01,0512 % % 2030 50,7080 9095 9899 998, 9990

R sN=54):-0010
e

L % tNe37--0028

T (N:54)-- 0019+
FtN =37):-0028—) 1"_"!" =

- -02
~. 8r e
G2 F

-~

4)
~- 04

R(N=54):-0019

|-t-l

a Tl N-54)--O o

=

(NsS:- 001
: 9‘1 i
F{N:3‘ﬂ=—0028-r

=T [N 54)=-0.019

T"—l - E(N:37)--0028

91,0512 5 10 2030 %0 7080 9095 9B 998, 9999 01,0512 210 2030 50 7080 9095 9899 998, 9999

Fig. 13 Cumulative distributions of serial correlation coefficients r, through r,, for the series of the second

large sample of river gaging stations (n = 446) and the large sample of precipitation gaging stations
(n = 1141) from Western North America on cartesian- probability scales: (1) V-series Nm = 37);

(2) Pe-senes (Nm_= 37); (3) Pi-senes (Nm = 54); (4) normal independent variables, with the mean
El estimated by egs. 2.3 and 2. 23, and the variance estimated by eq. 2. 27 with Nm = 37; and (5) nor-
mal independent variables, the same as under (4) except that N_ = 54,
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Fig. 14 Cumulative distributions of serial correlation coefficients r, through T for the series of thesecond

large sample of river gaging stations (n = 446) and the large sample of precipitation gaging stations
(n = 1141) from Western North America for the simultaneous period of observation 1931-1960, with
N = 30, on cartesian-probability scales: (1) V-series; (2) Pe-series; (3) Pi-series; and (4) normal

independent variables, with the mean ;1 estimated by eqs. 2.3 and 2. 23, and the variance estimated

by eq. 2.27 with N = 30,
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normal independent variables (same N) for small k
(2, 3, 4, 5, 6) than for large k (7, 8, 9, 10, 11).
Because the series are relatively short for V and
Pe (Nm = 37), the value Nm - k is changing from 35

to 26 for k changing from 2 to 11, and the use of
N, instead of Nm - k in computing r . and var ry

may be the explanation for this conclusion. For Pi
with L 54, the effect of k is smaller for this
variable than for V and Pe because Nm-k is much
larger for Pi-series than for V- and Pe-series for
the same k .,

(3) A replacement of N by N-k in the
expressions for the mean and variance of r, may
better fit the distributions of Ty of V, Pe , and Pi

for large values of k, than if N were used for all
rk-values. This conclusion may be partly the conse-

quence of using eq. 1.10 in the computation of T in-
stead of using eq. 1.5,
4, Average values of the serial correlation

coefficients. Figure 15 is based upon computations
from the longest available records of V-, Pe’ , and

Pi‘series. It gives the following statistics of Ty
distributions as they change with the lag k: mean s
standard deviation s, skewness coefficient Csr )
and kurtosis kr . The mean and other statistics are

computed by using the average length of the time

series in the sample, The expected mean ry and the
standard deviation s,. of normal independent vari-

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

V- and Pe-series, and with N, = 54 which corres-
ponds to Pi-series). In this case Fk for normal in-

dependent variables is estimated by eq. 2.7 for all
k wvalues by B ® -HNm as well as by the equation

.
E'pk-Nm‘k i 4,1

Similarly, the standard deviation of r, of normal
independent variables is computed by eq. 2.3 as
B T -l,lw‘/( N l] as well as by the equation

8 = —t 4.2

r N -k+2
m

Figure 16 (as in Fig, 15) gives the same statistics for
Y=, Pe- 3 Pi-series, and normal independent vari-

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

Both figures show clearly that the expres-
sions given by eqs. 4.1 and 4. 2 for the mean and
standard deviation of ry fit the observed values for

large k better than the values obtained by eq. 2.7 or
2,3, Therefore, eqs, 2.2, 2.3, 2.4, 2.5, 2.7, and
2,8 are good approximations only for small k or
better for ratios N/(N-k) close to unity. Note that
B computed for normal independent variables by

the use of eq. 4.2 with the appropriate series length

30

approximates very well the sr‘s of V-, Pé , and
Pi-series. This is true for both cases where all
available record and the 30-year period are used. If
computed by eq. 2.3, s, of normal independent
variable is constant and departs significantly from
s, of the other variables for large k values.

The skewness coefficient csr of r) -distri-

butions fluctuates highly but , on the average, not
very far above the value Csr = 0. The kurtosis k

r
of rk-distributions fluctuates also about k = 3, or

about the value for normal distribution of Ty .

It may be concluded from the values S, s
Csr , and kr that rk-distributions may be con-
siderec.i normal with mean ry and standard devia-
tion s except near the ends of the range [+1, -1].
, and Pi-

series fluctuate about ?k-values computed by eq. 4.1,

For large k the values Fk of V-, P_-

As srfs of V-, Pe- , and Pi-series are
close to sr's of normal independent variables, the

test whether their difference is or is not significant
from zero is not carried out here. The only test
carried out here for the significance of differences
is for_rk(V} ST rk{Pe) -1 ; and rk(Pi) "Iy
with Ty the value for the corresponding normal in-

dependent variables. In this test of differences, the
confidence limits at the 95% level are used about Ty,

assuming that rk-values of normal independent vari -
ables are normally distributed about T, . The values
;k of normal independent variables are estimated by

eq. 4.1 and are given in Figs, 15 and 16, upper graph,
The simple average ry for V-, Pe- , and Pi -

series is used instead of a weighted average, with the
expectation that the large values of n (n=446 for V-
and P_-series, and n = 1141 for Pi-series) will pro-

duce approximately the same values of ;k as the

weighted means,

The effective number of stations for ;k is

ne , and it is estimated by eqs. 2.74 and 2. 73, with

T = = 2 12 -
var r, _var r-k!ne s,. fne , and the standard devia
tion of T, is s(rk) = Srl"\j n_ . The confidence
limits on a given level are, therefore

to _ ts

B = 4.3

T ® Pxt e SV

Using eq. 4.1 for the estimate of Fk , and eq. 4.2

for the estimate of o then

- -1 t
r = & T =
k Nm k W/ne(Nm k +2)

From eq. 2,74 it follows that

A [1+T (n-1) 45
n(N_~k+2) :

1]
1
"+

Tk N_ -k
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Fig. 15 Average values of I-k', standard deviation 8. , skewness coefficients Csr » and kurtosis k. of
the serial correlation coefficients r, through r,cfor 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 (Nm = 37); (2) Pe"series (Nm = 37); (3 Pi-series {Nm = 54); (4) normal independent

variables, the mean Ek estimated by eq. 2.3 with N =37 (5) normal independent variables, the
mean Fk estimated by eq. 4.1 with Nm = 37, (6) normal independent variables, the mean Fk
estimated by eq. 4.1 with Nm = 54; (7) normal independent variables, the confidence limits at the 95

percent level for the effective number of stations n, = 6. 30, instead of the actual number n = 446;

(8) normal indep endent variables, the confidence limits at the 95 percent level with the effective num-
ber of stations .= 9. 65 instead of the actual number n = 1141; (9) normal independent variables, the

standard deviation estimated by the second moment from eq. 2.3 with Nm = 37; (10) normal inde-
pendent variables, the standard deviation estimated by eq. 4.2 with Nm = 54; (11) normal indepen-
dent variables, the same as under (9) but with N =54 (12) normal independent variables, the same
as under (10) but with Nm =54, Curves 1, 2, and 3 on all plots refer to V-, Pe- and Pi-series
respectively.
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Fig. 16 Average value of Fk , standard deviation S, skewness coefficient C_ , and kurtosis k. of

the serial correlation coefficients ry through r'ig for the secondlarge sample of river gaging stations

(n = 446) and the large sample of precipitation gaging stations (n = 1141) from Western North America
for the simultaneous period of observation 1931-1961, with N = 30: (1) V-series; (2) Pe-series;
(3) Pi-series; (4) normal independent variables with the mean ;k estimated by eq. 2.3 with N = 30;
(5) normal independent variables with the mean Fk 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
0 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 n, = 9. 65 instead of actual number

n = 1141; (8) normal independent variables, the standard deviation estimated by the second moment
from eq. 2.3 with N = 30; (9) normal independent variables, the standard deviation estimated by
eq. 4.2 with N = 30. Curves 1, 2, and 3 on all plots refer to V-, Pe- , and Pi-series respectively.
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with r given by eq. 2.72, In section B, equations
2,69 through 2,74 were developed to compute the
average interstation correlation coefficient of the

first serial correlation coefficients among the station
series. The matrix of the simple interstation correla-
tions between station series and eq. 2.73 are used for
the digital computation of the pairwise estimates of the
interstation correlation coefficient of their first serial
correlation coefficients. The average interstation
correlation coefficient of f, s, c.¢. is then computed by
eq. 2,72, The average interstation correlation co-
efficient, r, is 0.157 for V-series and 0. 159 for
Pe-series. Equation 2, 74 gives the effective number

of stations, n, = 6.26 and n, =6.29 for V- and Pe-

respectively, Even though the interstation correlation
of the £, s. c. c. is relatively small, the original sample
size of 446 is reduced to an effective random sample
size 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
correlation coefficient, with k = 1, ng = 6.30, and

N _ =37, as ;1 = 40,099 and Fi = -0, 155, Assum-
ing that the effective sample size n, for any r, is
the same as for ry ,orn = 6. 30, then for V- and
Pe-series

= 1 + 1, 96 4.6

r_- - -
ko 3T-k ° 3500w

The confidence limits computed by eq. 4.6 are
plotted inFig, 15,

Though n, for V- and Pe-series has been

computed for the longest records of each station, the
same value n, = 6.30 is also used for the V- and Pe-

series of the 30-year period of record (1931-1960),
Using eq. 4.4 and N=30, the values of the confidence

limits of r. at the 95% level are computed and plotted
in Fig. 16, upper graph,

Figures 15 and 16 show that only two average
values of T, namely ry and rg for both V- and
Pe-series are outside confidence limits, It is con-
cluded here that FI(V) and Fi(Pe) are significantly
different from the expected value of Py of normal in-

dependent variables at the 95% level. However, the
fact that 1”5(V) and rﬁ(Pe) are greater than the posi-

tive confidence limit at the 95% level may be explained
by sampling fluctuations. There are 25 values of Ty

for each of the two series and 5% of them or about 1. 25
should be outside the confidence limits on the average.

The P, -series (n = 1141) has the average

interstation correlation coefficient between the first
serial correlation coefficients of T = 0.095. The
effective number of stations, n, . equals 9.65. Eq.

4.4 gives the confidence limits at the 95% level
(t = 1, 96) for the mean of the f. s.c.c. with k= 1.
n, = 9.65, and N =54, as

Fl = 40,066 and r, = -0.103 .

1
Assuming the effective sample size n, for

any r. is the same as for Ty, or n, = 9,65, then
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for the Pi-series

= ! 188

A L —
k= Bk /9. 65 (56-K)

The confidence limits computed by eq. 4.7 are plotted
inFig. 15, Using the same effective number of sta-
tions ng = 8. 65 for the P;-series with N=30 (period

1931-1960) and eq. 4.4, the confidence limits are
plotted in Fig. 16 similarly as in Fig, 15.

4.7

Figure 15 shows that the only value of T
for the P;-series which is outside of confidence
limits at the 95% levelis T, . Although r, isin-
side the confidence limits, Fig. 15 shows that F‘
through re of P;-, V-, and P_- series are all
positive. Also, the negative values r, through T,
of V-and P % -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 Pe -series, Figure 16 shows that

all Fk values of the P;-series are inside the confi-
dence limits at the 95% level except F3 which touches
the positive limit,

It may be concluded that the annual precipi-
tation at the ground has no significant dependence in
sequence and that the series of annual precipitation
statistically cannot be distinguished in its sequential
patterns from independent variables.

5. Individual correlograms. Figures 17
and 18 give correlograms of annual flows (V-series)
and annual effective pre ipitation (Pe -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 large sample of stations
from Western North America,

The expected values of Fk for normal inde-

pendent variables are computed for an average length
N, of the time series for all 24 graphs (each contain-

ing 4-6 correlograms) for 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% level as computed by eq., 2.10. The time
series length used varies from one grouping to
another depending on the mean length of 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 of correlograms
is used here intentionally to show an overall confine-
ment of correlograms of V-, Pe-, and P -series

inside the confidence limits for an averagel series
length of normal independent variables. Figures 17
and 18 show clearly that most of the correlograms are
well inside the approximate confidence limits, espe-
cially if one takes into consideration the fact that about
5% of r, -values should be on the average outside the
confidence limits for normal independent variables
plus the fact that some of the serial correlation co-
efficients (rt, r,, rz...), particularly those of

V-and P_ -series, should be significantly different
from those of normal independent variables,
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Fig. 17 Correlograms of 62 individual series in groups of 5 or 6 from V-, P_-, and Pi-series. The left column shows correlograms for the first
20 series from the V-series and the middle column shows correlograms for the first 20 series from the Pe-series, all taken from the second

large sample of river gaging stations (n = 446). The right column shows correlograms for the 22 series from the Pi-series from the large

sample of precipitation gaging stations (n = 1141).

For V-series and Pe-series the confidence limits at the 85 percent level of significance

for the normal independent variables are given as estimated by eq. 2.10 with N = 50, and for Pi-series with three values of N = 60, 70, and

80. The mean Fk 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:

(1)
(2)
(3)
(4)
(5)
(6)

(7)
(8)

(9)
(10)

Klickitat River near Glenwood, Washington, 1910-1960 (51)
Quinault River at Quinault Lake, Washington, 1912-1960 (49)
Cedar River near Landsburg, Washington, 1896-1960 (65)
Wenatchee River at Plain, Washington, 1911-1960 (50)
Thompson River at Spences Bridge, CANADA, 1917-1960 (44)
Oak Grove Fork above Power Plant Intake, Oregon,
1910-1960 (51)

Siletz River at Siletz, Oregon, 1906-1911, 1926-1960, (41)
South Fork Big Butte Creek near Butte Falls, 1918-1922,
1926-1960 (40)

Grande Ronde River at LaGrande, Oregon, 1904-1915,
1919-1960 (52)

Silvies River near Burns, Oregon, 1904-1805, 1910-1912,
1918-1960 (48)

The precipitation gaging stations are:

(1)
(2)

(3)
(4)

(5)
(6)
(7)
(8)

(9)
(10)

Anacortes, Washington, 1893-1960 (68)

Walla Walla WB City, Washington, 1857-1859, 1860-1861,
1864, 1874-1960 (93)

Chelan, Washington, 1892-1960 (69)

Centralia, Washington, 1892, 1894, 1896-1897, 1902-1922,
1925-1960 (61)

Seattle WB AP, Washington, 1892-1860, (69)

Kelowna, British Columbia, CANADA, 1900, 1903-1960 (59)

Rosenburg, WB AP, Oregon, 1878-1960 (83)
LaGrande, Oregon, 1887, 1890-1891, 1893-1895,
1898-1960 (69)

Albany, Oregon, 1879-1960 (82)

Prineville 4NW, Oregon, 1897-1902, 1904-1909, 1911,
1914-1919, 1922-1926, 1928-1960 (57)

(11)
(12)
(13)
(14)
(15)

(16)
(17)
(18)
(19)

(20)

(11)

(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)

Kaweah River near Three Rivers, California, 1911-1960 (50)
Cherry Creek near Hetch Hetchy, California, 1911-1960 (50)
Arroyo Seco near Soledad, California, 1902-1960 (59)

Trinity River at Lewiston, California, 1912-1960 (49)

West Fork Mohave River near Hesperia, California, 1805-1822,
1930-1960 (49)

Snake River at Moran, Wyoming, 1904-1960 (57)

Boise River near Twin Springs, Idaho, 1912-1960 (49)

St. Joe River at Calder, Idaho, 1912, 1921-1960 (41)

Milk River at Milk River, Alberta, CANADA,

1912-1960 (49|
Kootenay River at Wardner, CANADA, 1928-1960 (33)

Lakeview, Oregon, 1885-1887, 1891-1892, 1895-1898, 1901-
1907, 1913-1960 (64)

Chico Experiment Station, California, 1871-1860 (90)
Eureca WB City, California 1887-1960 (74)

Fort Ross, California, 1875-1960 (86)

San Jacinto, California, 1887, 1893-1960 (69)
Visalia, California, 1878-1885, 1888-1960 (81)
Caldwell, Idaho, 1905-1960 (56)

Qakley, Idaho, 1894-1960 (67)

Grace, Idaho, 1907-1960 (54)

A'shton IS, Idaho, 1899, 1902-1913, 1915-1960 (59)
Helena WB AP, Montana, 1881-1882, 1884-1960 (79)
Lyndon, Alberta, CANADA, 1911-1960 (50)
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