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PREFACE 

This fir st paM of the paper " Fluctuations of Wet and Dry Years" refers only to the assembly o f 

research data and development of mathematical models in the s tudy of patterns in sequence of annual river 

n ow and annual precipitation. The results of the statistical analysis of research data, as well as the inter 

pretation of results. will be the subject of subsequent parts of the paper . These parts will contain: the 

analysis of patterns in sequence of annual flow and annual precipitation by serial correlation. ranges, runs. 

and variance spectrum (power spectrum); effects of inconsistency and nonhomogeneity in data on these pat

terns; the effect of selected beginning of year; and various relationships among statistical characteristics . 
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ABSTRAcr 

T he general approach adopted in studying fluctuations o( wet and dry years, as defined by the sequence 
of annual river flow and annual precipitation is described in detail. 

Two large samples of data on annual river flow, one on a global and the other on a continental SlUTlp
ling scale, and two large samples of data on annual precipitation, both on the contin~ntal sampling scale, 
constitute the basic research material. The criteria for data selection are des cribed . 

A simple mathematical model (or the water carryover (rom year to year in a river basin is developed 
as a function of annual effective precipitation. Evaporation from river basins and evaporation of rainfall in the 
air above the river basins are also expressed by sim ple mathematical models as functions of various physical 
factors. These three models, respectively, give the simple relationships of annual flow to annual effective 
precipitation, of annual effective precipitation to annual precipitation at the ground, and of annual precipitation 
at the ground to annual precipitation at the cloud base, Mathematical models show that the water carryover, 
the evaporation from the river basin, and the evaporation of rainfall in the air represent th e important (actors 
responsible for the dependence in sequence of wet and dry years. Inconsistency and nonhomogeneity in data 
also produ ce or increaee dependence among the successive wet and dry years. 

The procedure used to compile the research data from the available records for the statistical analysis 
Is presented In summary form . 

General conclusions from this part of the study are given. Tables of data and statistical parameters 
for the first large sample or annual river flows are included as appendices. 

vii 



FLUCTUATIONS OF WET AND DRY YEARS 

PART I 

RESEARCH DATA ASSEMBLY AN D MATHEMATICAL MODELS 

by Vujica M. Yevdjevich* 

A . INTRODUCTION 

I. Subject. The water yield of a river basin 
or of the atmosphere above a river basin fluctuates 
from year to year. The fluctuation is generally and 
popularly referred to as the sequence of wet and dry 
years. This problem has intrigued man since the be
ginning of recorded history. It is a logical step to 
investigat e it from time to time. as new data and new 
and more effective research techniques become 
available. 

The analysis of fluctuations o f annual river 
flow, of annual efCective precipitation ••• and of an
nual precipitation is consider ed here as representing 
the fluctuations of annual water yield, and is the sub
jec t of this and the subsequent parts of the s tudy. 

Three main questions will be answered by the 
various parts of this study: 

(a) Are the sequences of annual flow. annual 
eflcctive precipitation, and annual precipitation pre
dominantly random ••• or nonrandom ? 

(b) What are the main causes and character
istics of nonrandom ness? 

(cl What are the Simple mathematical models 
which can be applied to deCine the nonrandomness? 

This investigation is restricted here to the a nalysis 
of patterns in sequence of annual water yield of river 
basins and atmosphere above them. 

Z. S~nificanCe of this inveSti~tion . Many 
e ffo rta haveeen made in t he past toscover the 
.regularities. or to prove the randomness . in the 
fluctuations of climatic and hydrologic events. The 
eventual prediction of future events has been the main 
obj ective of those efforts. 

• Professor-in-Charge of Hydrology Program. Civil 
Engineering Department. Colorado State University. 

•• Annual effective precipitation is defined as total 
annual precipitation minus total annual evaporation 
a nd evapotranspiration for a river basin. The annual 
evaporation and evapotranspiration will be Simply 
referred to as annual evaporation. 

···The t erm "random" is defined he re to me an that 
there is no systematic link between successive values 
of an infinite time series, or that the members of that 
time series are independent among themselves. 
"Nonrandom" means that the members of the time 
series are dependent among themselves . 

The average water yield of an area (with no 
manmade changes, or unusual natural influences, 
such as landslides with new lakes, fires, and similar) 
fluctuates in narrow limits for equ al periods of suffi
cient time length. Needs for water, however, in
crease steadlly in most river basins, snd the storage 
of surplus water from wet seasons for dry seasons , 
and from wet years for dry years is a common prac 
tice. Overyear flow regulations will be increased 
substantially in the near future. 

The c haracteristics of the sequence of wet 
and dry years in river flow and precipitation deter
mine several design and operation criteria. A t.vpieal 
design problem 1s the determination of the over
year storage capacity for the given flow r egime and 
water demand. The patterns in fluctuations of total 
or partial annual flow. are of practical significance 
in many prob lems related to water resource d evelop
ment. 

Answers to the above three main questions 
may throw more light on the problem of predictability 
or nonpredictabil1ty of water yield on the basis of one 
or more years. 

3. Selection of phenomena for the stUdy of 
flow fluctuations. The patterns in fluctuation of an-
nual river flow and annual precipitation can be studied 
either with the observed data of water flow and pre
cipitation. or with the observed data of other quanti
ties related to them. These are: a) phenomena that 
cause. or affect in some basic way. the annual flow 
and annual precipitation; b) phenomena that d~pend 
on precipitation and climate as does runoff (tree 
rings. pollen depositions); c) phenomena that are 
the result of runoff (varves or sediment deposits). 

U the variables that cause and affect the run
off and those that result from runoff follow nearly the 
same patterns of fluctuations, it can be derived that 
the sequence of annual flow would have the same fluc
tuation patterns. This was the way H. E. Hurst 
[1, Z, 3) •• approached the problem of flu ctuation of 

• Parhal annual llow is defined here as the annual 
flow for a year that is obtained from all flows equal 
to or smaller than a given discharge. This discharge 
may be. conceived as the maximum intake flow at a 
river cross section, and the partial annual flow as 
total derivable river flow for a year. 

•• References are iiven at the end of the publication. 
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annual flow and of overyear flow regulation. He 
studied several kinds of recorded data, and suggested 
an empirical formula for long -term difference of 
maximum and minimum of the accumulated depar
tures (rom the mean values . 

Rainfall nuctuations are nearest to runoff 
fluctuations. All other variables (evaporation, air 
humidity, tree rings, pollen. varves, and others) 
are less directly or less closely related to runoff. 
Fluctuations of air temperature, air humidity and 
other meteorological variables are not closely fol
lowed by fluctuations of precipitation, and less so by 
runoff ilu ctuations. The tree rings depend on many 
factors, apart from rainfall, espedally on general 
biological growth patterns, environmental conditions, 
and water stored underground and in the trees them 
selves. The annual sediment layer (varve) depends 
on annual flow in a rather complex way. Large fires 
and soil conservation measures in a river basin can 
substantially change the sediment transport without 
a corresponding effect on the runoff. Fluctuations of 
lake levels greatly influence the distribution of sedi
ment deposits and, therefore, the thickness of annual 
layers. The effect of sediment consolidation by over
burden restricts the reliability of data on varves, 
whUe the freezing and thawing of sediment layers may 
also alter their thickness and composition. 

Precipitation is measured at points and the 
error of measurement is usually great. The compu
tation of total precipitation on a river basin embodies 
a still greater error. The river flow essentially in
tegrates the precipitation received on larger areas, 
but includes evaporation as another important cli
matic factor, which plays a Significant role in many 
water resource problems . 

The study of fluctuations of wet and dry years 
was carried out for the time series of annual flow, 
annual effective precipitation, and annual precipita
tion. They are considered here as the most reliable 
series for investigation of climatic flu ctuations re
lated to water resources . 

4. Characteristics of river flow dat a. Three 
basic charactenshcs of runoff records are: a) rela 
tively short periods of flow observations, which ac
tually do not exceed 160 years; b) lack of a sufficient 
number of stations well distributed on the earth's 
surface with long and reliable flow records; and c) 
concentration of data within the same period of time 
(mostly from 1900 to present). This third charac
teristic properly paints out that patterns in long-term 
flu c tuations of wet and dry years cannot be detected 
with great reliability, and that some detected regu 
larity inside the s hort periods may be attributed to 
sampling fluctuations. The next period of observa
tion of the same length may not show the same pro
perties of time series, as those detected for the past 
period. 

The study of sequence of annual flow is made 
difficult in some cases by changes made in runoff. 
The annual flow unaffected by man's activity or by 
accidents in nature (e. g., fires, filling of lakes by 
sediment, landslides in river channels with new 
lakes.) is called here the virgin flow. Storage res
ervoirs, changes of biological cover, changes in soil 

• There are many more natural factors and pro
cesses which suddenly or slowly change the mnolC 
conditions from one period to another. 

• 

treatment, diversions of water from one river basin 
to another, and different consumptive uses of water 
affect the annual flow. The actual flow at many river 
gaging stations is far from the virgin flow.'" Some 
times it is possible to correct the records with suf
ficient accuracy for the changes of Claw (t aking into 
account diversions, lake storage, lake evaporation). 
but often only an approximate value can be obtained 
for net irrigation loss, and a very rough estimate 
for influence of changes in treatment ot soil and of 
biological cover. 

As longer records become available with time, 
manmade effects will also increase, and as a result, 
there will be progreSSively fewer long-term stations 
with virgin flows. To await longer records will limit 
the number of long-term stations considered station 
ary for the study of fluctuations . Therefore, the 
results of studies of today may be, in some respects, 
as proper and reliable as the studies of tomorrow. 

5. T~es of time series . The river flo w tim e 
series are elther contmuous or discrete . A recorded 
hydrograph is a continuous time series. Mean or 
total daily, mean or total monthly, and mean or total 
annual flow represent discrete time series . This 
study deals exclusively with the discrete time series 
of annual flow, annual effective precipitation and 
annual precipitation. 

The time series a r e either stationary or non
stationary. A stationary series of annual flows does 
not depend on absolute time. In this case, the factors 
which affect the annual flow or annual precipitation 
do not change with time. A virgin flow series with 
no significant change in river basins or in atmos
phere Cor the time of runoff or precipitation records 
is considered as a stationary time series. If. how
ever, the runoff factors change with time (man's 
a ctivity in river basin, some large accidents or slow 
modifications in nature which change flow character
istics, weather modification, some systematic errors 
in the compilation of annual flows), the time series 
depends on absolute time, and it is a nonstationary 
or evaluative series. A depletion or addition of flows 
by man's activities creates jumps or trends in time 
series, and such series are nonstationary. A relo
cation of precipitation gage may introduce nonsta
Uonarity. This study deals with the stationary time 
series, or with those nonstationary time series that 
can be corrected and reduced to the stationary series. 
The nonstaUonary series when used in this study will 
represent the special case for the analysis of effects 
of different changes and errors on the properties of 
tim e series. 

The time series of annual flow and annual pre
cipitation can be either random or nonrandom. The 
nonrandom series derived from random series by 
some known stochastic processes .... are called sto
chastic series. 

... The average annual flow of the Upper Colorado 
River Basin at Lee Ferry. Arizona, during the latter 
1950's is only about 85 percent of the average annual 
flow of this river [-4] under virgin conditions. 

.... The term stochastic process is applied here in the 
sense that a nonrandom series is derived from ran
dom series by some known process like moving 
average and autoregressive scheme. Random move
ment is a special case of stochastic processes. 



The oscillatory series as nonrandom series 
may be divided into two groups: a) regular oscilla
tory series with a definite cycle, following clearly the 
astronomical time units (i. e . , day, year); and b) com
pound oscillatol"Y serie". a compo"ition of several 
regular oscillatory series, but each of them with an 
individual cycle and amplitude. 

The nonrandom ness is often called the persis
tence, meaning that the successive members o f time 
series are linked among them selves in some persis
tent manner. The most general case is a compou nd 
time series, a combination of oscillatory and stochas
tic movements. 

It can be stated by reviewing hundreds of ref 
erences on fluctuation of wet and dry years, that the 
flow and precipitation time series (especially the 
series of daily and monthly values) are nearly always 
compound time series. Sometimes they can be ap 
proximated by a Simple time series (i. e., for annual 
values) . A compound flow series nearly always has a 
random part, or a random part modified by a stochas
tic process. By compiling the daily or annual values 
of runoff and rainfall, the cycles of day and year are 
eliminated, except that the end effect of cutting a con
tinuous process by a day or year beginning is still 
present. 

6. Practical aSGects of random and nonrandom 
series. If (he compaun osclllatory sequence eXlsted 
In annual flows, annual effective precipitation, and an
nual precipitation. forecasts of annual flow or annual 
precipitation would be possible by an extrapolation in 
the future of periodicities determined from past obser
vations. 

If randomness predominated in the fluctuations, 
or if the fluctuations could be approximated by known 
stochastic processes, it would be possible to apply 
only the probability theory of r andom variables for 
reliable probability statements of future annual flow 
or annual precipitation and their nuc tuations. Then 
the deterministic prediction of the annual flows of 
subsequent years would not be possible by extrapola
tion, except for a portion of future flows which depend 
on the past flows. 

In the case of great persis tence in the sequence 
of annual flow, the overyear flow regulation will de
mand larger storage space for the same degree of 
regulation than would be required if randomness pre
dominates, but for the same statistical parameters 
of the time series. 

If the compound oscillatory sequence domi
nated the annual flow series, the necessary storage 
volumes for overyear now regulation could be r elated 
to the amplitudes' and periods and other characteris
tics of m athematical models with periodicities. 

If the randomness predominated the series, the 
storage capacities may be determined by applying the 
theory of probability of random variables. The same 
would be valid if the observed series (or series de 
rived from observed series) we r e well approximated 
by stochastic time series of known processes. In 
this case, the storage volumes would be related to 
the parameters of a random variable and of the mathe
matical model defining the nonrandom ness of stochas
tic process . 

7. General approach. The study of the fluc
tuations of wet and dry years consists mainly of a 
sel ection of river gaging and precipitation gaging 
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s t ations with records sufficiently long, and of analy 
ses of these records by statistical procedures. The 
s tatistical properties of time series are then related 
to the physical and other factors which affect the link
age in the sequence of annual flow and annual precipi
tation. 

The fluctuations of climatic phenomena have 
generally been analyzed in the past in two basic ways: 

(1) Harmonic analysis based on classical methods of 
Fourier and Schuster. Some 01 these analyses are 
well known in Europe (Schuster method in Germany, 
Labrous t e method in France. Vercelli method In 
Italy). Often the analySis of annual flow and annual 
precipitation revealed fluctuations with cyclic com
ponents of different periods and amplitudes (approach 
of hidden periodicities). Several hundred references 
could be cite d of the applications of harmonic analysis 
to the study of fluctuations of climatic and hydrologic 
phenomena. 

(Z) Fluctuations of random variables and derived 
stochastic series. The sequence of observed and 
derived series of c limatic phenomena, whenever 
there is not a known astronomical cycle involved 
(day, moon ' s period of rotation around the earth, 
year). are analyzed by using probability theory and 
mathematical statistics to determine th e properties 
of the series. SignUicance tests are usually applied. 
The literature on th e nuctuation of annual values of 
the natural phenomena, 1. e., precipitation, runa!!, 
temperature, humidity, evaporation, atmospheric 
pressure, soil moisture, tree rings, varves, pollen, 
etc., Is abundant . Several thousand references could 
be cited. 

A survey of the results and conclusions in 
this abundant literature reveals two baSically oppo
s ite views, with many intermediate poSitions. 

A theory is that the phYSical factors, such as 
the moon effect, sun·spot fluctuations, and other 
solar activities; cosmi c effects; the persistence i n 
ocean currents and in air-mass movements; etc., 
create a persistent oscillatory movement of high and 
low values, which, though combined with random 
components, make the future values of a time series 
depend on the previous ones. The hidden periodi cities 
are often ascribed to these effects. This theory is 
sometimes advocated regardless of the fact that the 
dUferences between s tatistical parameters of observed 
and random (or stochastic) time series were often 
statistically nonSignificant. 

The other theory is that the natural fluctua 
tions of annual values are very close to random or 
stochastic time series , with known stochastic pro
cesses and their known causes. For example, these 
processes may be caused by storage of water and 
heat in oceans, atmosphere, earth; by retardation of 
water in s urface storage spaces in river basins for 
annual flow fluctuations, etc. Very s mall departures 
(considered as nonsignificant) of computed statistical 
parameters from those of the random series, or 
series derived from random series by stochastic pro .. 
cesses, are emphaSized by this theory. The fact that 
statistical parameters sometimes have consistent 
departures in the same direction from the statistical 
parameters of random series is often ignored in this 
theory, even though the departUres ca n be considered 
often nonsignUicant by the usual procedures o f sta
tistical inference. 

Many hydrologists agree that the random 
component of series of annual How and af:ll1ual 



, 
p,recipitation is large. Some feel , however, t hat 
'something exists" beyond the known effects , because 

of the consistency in departures of statistical param
eters between the observed and stochastic series. 

The controversy lies mainly in the way that 
these departures are explained and r elated to some 
physical or nonphysical factors. 

The approach of this study is the analysis of 
the mentioned departures between the time series of 
observed annual now, derived annual effective pre
cipitation, and observed. annual precipitation, and the 
random time series, The explanations are sought for 
these departures, whose interpretation divides the two 
main and opposite viewpoints, 

Use o f the moving average, whi ch involves the 
smoothing of the original series in order to study the 
long-term flu ctuations of a phenomenon, is avoided 
in this s tudy. From the studies of Slutzky [5J and 
Yale it is known that its use creates, of itself, the 
nonrandom ness or persistence which may lead to 
erroneous conclusions . The random series becomes 
a stochastic (nonrandom) series when the method of 
t h,e- moving average or autoregressive scheme is 
applied. The series will be used here with their un
changed values . 

The random series is considered in this study 
as a bench-mark series. If a large part of the differ
ence between an observed series and the random 
series can be explained on the basis of known physical 
causes, the question then arises; How much of the 
difference remained to be explained on the basis of 
other less obvious causes? It is of particular interest 
to see how mu ch of the difference between the observed 
series and the random series should be explained by 
factors entirely outside the river basin; for example, 
upper atmospheric circulation, oceanic circulation, 
solar activities, cosmic effects , etc . 

and 

dependence between the 
series are many. C . Levert d';';,;,;nt statistical parameters to 
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measure the persis t ence, defined in his study as the 
int ernal dependence (nonrandom ness) of series : 

1. covariance of higher orders or covariance of 
higher orders in relation to th e mean values (cross 
products of higher order values of successive mem
bers of a series); 2: . Besson's persistence coeffi
cient; 3. persistence ratio; 4. Von Baur's divergence 
coefficient; 5. persistence factor; 6. surplus num 
ber in statistical model; 7. serial correlation 
coefficients, and correlogram; 8. Von Bartel's 
equivalent repeating number; and 9. Kendal' s 
measure of persistence. Apart from these param 
eters' variance (power) spectrum analysis, and the 
properties of ranges and runs may be used for 
measuring the nonrandomness of time series . 

Th e following statistical parameters were 
selected and used in this study: 

a. Serial correlation coefficients and correlograms 
The serIal corr eiatlOn coelbClents are deb ned as 
correlation coefficients of successive values. A 
correlogram is defined as a graph relating the serial 
correlation coefficients to the lag between correlated 
successive values of a series. 

b . Ranges - These are defined here for a part of a 
senes as the difference between previous maximum 
and previous minimum on the cumulative sum of 
departures of annual values from the average annual 
value. 

c . Runs - They are defined in two basic ways. First, 
eithcras the number of consecutive positive or nega
tive departures from the mean, or as the number of 
values between consecutive maximum and minimum 
of series, or vice versa. Seco nd, as th e total sum o f 
departures from the mean for each consecutive group 
of positive and negative departures. 

d. Variance sFoctrum analysis - This represents an 
appltcation of ouner-senes analysis in such a way 
that an infinite number of small oscillations with a 
continuous distribution of periods is ascribed to ob
served variation of a phenomenon [7]; or it is an ex
pression of the second moment of an ensemble process 
in terms of frequencies [8]. 



B. SELECTION OF SAMPLES OF DATA 

t. Pr inciples used in sampling of stations . 
Sampling in time 01 nnnual n ow and a nnu al preciplia 
tion is limited to the historical r ecords, which are 
usually short . Thus wide sampling is possible only by 
selecting river flow and precipitation stations on an 
area basis. First the scales of a r ea within which sta 
tiOns would be sampled were selected . 

The smaller the area and the greater the num
ber o f selected gaging stations, the larger is the ave 
rage regional corre lation coefficient a mong t he data of 
stations taken pairwise. The larger this average co
efficient , the s maller is the effective numbe r - of se
lected stations, and the less is the information which 
can be derived. Therefore, there is no advantage in 
the eelectio n of a ve r y large nu mber o f stations with 
in a limited area. 

Two scales were selected for the area: 
global and continental. T he global scale meant the use 
of stations from many parts of the world. The conti
nental scale was limited to Western North America, 
be cau se the data on both a nnual now and annual pre 
cipitation was readily available and su fficiently relia
ble. 

This general sampling scheme was thus aimed 
to compensate as much as possible to r the disadvan
tages of a limited period ot observation by sampling 
stati ons over large areas . 

here as containing s everal th., u" nd 
s t atio n-years . The number of station-years 
tained by summing all observed annual values from the 
stations o f a sample. A small s ample is defined here 
as containing several hundred station-years. 

Three types oC samples of data from river 
gaging s tations were used in determining t he serieS of 
annual Clow and derived annual effective precipitation: 

a. A large sample ot streamflow records obtained at 
gaging s t ations located throughout the world. This 
large group representing a sampling o f records on a 
global scale co ntain ed i40 river gaging stations with 
data ending in 1957 . 

b . A la r ge sam ple of streamflow records from gaging 
stations located in Western North America. T his 
group represents sampling on a continental scale . 
Most of these river gaging stations were locat ed west 
of the Mississippi River in We ste rn United States and 
Western Canada. There were data from 446 stations 
with records e nding in 1960 . 

.;. The eltechve number of stations in the ca se of 
correlated s tations is the numbe r of uncorrelated 
staUons that would be statistically equivalent. 
Correlated and uncorrelated stations are those for 
which simultaneous annual flow or annual precipita 
tion of s tations taken pairwise are and are not corre
lated, respectively. 
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c . Some small samples of stream n ow records ob
tai ned from the above two large sample s . fo r regions 
of homogeneous hydrologic characteristics . The 
similarity of hydrologic charact e ri stics was deter
mined br the amount of water y ield and from climatic 
facto r s larid o r humid regions]. 

Records Crom 4Z s tations found in the !irst 
sample were also used in the second sample except 
th at these records of the se cond sample cont ain 3 
more year s of observation (1958- 1960) . 

Three types of samples o f precipitation 
gaging stations were used in determining the Series 
of annual precipitation: 

a. A large sample of data from precipitation gaging 
st ations in the continental region oC Western North 
America (approximately the aame area is covered as 
by the second sample of river gagi ng stations), with 
a total of 114 1 stations . 

b. Some small samples of data fro m precipitation 
gaging stations fro m the above large sample, but for 
homogeneous hydrometeorologieal regions, covering 
approximately the same areas as the cor r esponding 
small sam ples of data from river gaging ·s tat ions . 

c . A sample of dat a of nons t atio nary tim e series from 
precipitation gaging stations for t he purpose ot' com 
par�son with the dat a of s t ationary time series, with a 
total of47 3 stations. 

3. Selection of minimum len h of time series 
The minimum en 0 con nuous recor 8 or e 
river gaging stations Crom several parts of the world 
was 40 years , wh ereas it was 30 yea rs for all other 
stations . T he length of continuous recor ds was selec
t ed as a compromise between the larger number of 
stations for a s m aller minimum length of series . and 
a sm a ller number of stations for a greater minimum 
length of series. 

4. Analysis o f accuracy of data. The data 
include cert8.1n errors. There are a number of rea
sons for these errors including: inaccuracy o f the 
gaging instruments; inaccuracy in procedures of 
measurement; inaccuracy in procedures of computa
tion or reduction of the data; changes in observational 
or computational techniques duri ng the years of 
observation, etc. 

An example of the last type of error is the 
stream flow records. For a 60 -80 year observational 
period it might include three types of stage measu re 
ments: a Single daily observatio n of stage; stage 
recording; and stage punching. When these errors 
exist, the data do not represent true values. Some
times these errors can be recognized by studying the 
history oC the stations providing the records . 

A very complex law governs the relation 
between flow flu ctuations and bed level nuctuations. 
Some earlier obse rvations did not take into account 
many factors afCecting the ac curacy of data. Often 
a mean rating curve was used for a long period, or 
the rating cu rve derived from iater level and discharge 



j 
I 

measurement s was used (or the flow computatio n 
fro m the previously observed stage levels. Know 
ledge of river characteristics and station history is 
needed to explain the possible errors and inconsis
t encies of past data, and to enable a reliable analysis 
of data a ccuracy. 

Such an approach is feasible when a limited 
number of stations is involved; but, when large sam
ples of gaging stations constitute the baSic research 
material, the analysis of each station can be practi
cal only by a general survey of station history during 
the selection and review of data. Such a survey was 
made in this study. 

5. Criteria (or selection of river a 
stations . The Crt ena use In IS S Y or e 
selectton of series of annual flow have been: 

S. Data of the Cirst large sample were in the form of 
a long uninterrupted sequence; where as, for the second 
la.rge sample (Wester n North America). only the min 
imum observation period, 193 1- 1960, was set up as 
uninterrupted for all stations; 

b . Estimated monthly flows by using correlation and 
regression analysis with neighboring stations did not 
exceed a small percentage of all monthly values 
available; 

c. Gaging stations with very changeable conditions, 
with Significant continuous changes of virgin n owa , 
were avoided; 

d . The records obtained at a statio n were not used 
when the diversions into or out of the watershed ex
ceeded one percent of the total river flow and the 
diversions could not be a ccounted for by corrections; 

e . In the case of large Irrigation areas , with the 
change during the period of observation of net con
sumptive use of water greater than approximately one 
to two percent of annual mean flow. the records of 
such affected s tations were not usually selected for 
the study. Only in exceptional cases . when a large 
region was not covered by any selected station, the 
pe rcentage of net consumptive use was allowed to be 
somewhat greater than one to two percent; 

r. Where large storage reservoirs have had a great 
influence either on overyear flow distribution or on 
evaporation, and could not be accounted for easily, 
the downstream stations were not selected for this 
study; 

g. Changes in the land use and in biological cover , 
usually gradual processes, were not used as criteria 
for the selection of stations . Since these changes can 
either increase or decrease the annual floWS, they 
were considered as part of "eneral nonstationarity in 
data. 

h. Effect of large nonstationarity in data was avoided 
when possible by the proper selection of stations or 
correction in daia; 

i. Data of annual flows were taken from the publica 
tions or from offici al records of hydrologic services; 
aod 

j. Only stations having records with available monthly 
or daily flows, wh.1ch allowed the computation of 
s t o r ed water volumes in t he river basin at given times 
we r e used. 
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6. C r iter ia for selection of precipitation 
~ing stations. 1 he Cl'1terL8 used 10 thLS s tudy lor 

i selectIon 01 series of annual precipitation were: 

a . Stations of lar ge sample (Western North America) 
have the minimum period of observation, 1931- t 960, 
uninterrupt ed for all stations; 

b. Total number of monthly estimates by correlation 
and regression analysis with neighboring stations is 
small; 

c . Records of large sample are stationary i n the 
practi cal limits of stationarity tests ; 

d . Data for the annual precipitation were taken from 
the publi cations or from official records of weather 
services; 

e. The sample of nonstationary stations is composed 
of stations which , by any criteria of nonstationarity 
have been c lassified as such. 

:~~~~::~,~~'~;l~i:~;'l~;::~lh' fol-
: United States of 

Europe, 37; Australia and 
4; and Asia, 3. 

The most convenient source of data in the 
U. S. A. is the Water Resources Division of the Geolog
ical Survey (U. S. Department of the Interior) , whi ch 
has a centralized filing system for all hydrologic sta
tions. Included among these publications are com
pilation reports containing the revised records of 
streamflow for all stations, up to 1950 . Subsequent 
streamflow records are available in reports or in 
files . Most of the data Cor Europe were r eceived 
from the U. N. Economic Commission for Europe, 
which has gathered them Cor a study of the simultane
ity of wet and dry years of river flows in Europe. The 
data Cor Canada were taken from published reports. 
All other data were collected either through personal 
contacts, or through the courtesy of the governmental 
or other agencies to whom the author addressed him
self. T o aU of them the author is grateful. 

Th e relative frequency distributions of 
four charactersitics of river gaging stations are given 
in fig. l. ' These variables are: drainage area A of 
river basin (in sq. miles); average river flow Q 
(in cis); average specific water yield q (in cts/sq. 
mi.); and the length of observations N (in yea rs): 
The co nversions in metric system are also given 10 

fig. I . 
The river basins for the European stations 

are on the average larger than for the other regions , 
because data fo r the large rivers from Europe were 
the most readily available. Most la.rge river basins 
in Western United State s are greatly aICec ted by non
homogeneity in data (manmade influence o f river noYoS), 
so that many long-term stations have been excluded 
trom this sample oC 140 stations. 

The average length of observation of these 
i 40 stations Is 55 years. There are only 6 stations 
with a record of about 100 years or more; Geta River 
at Sjtnorp - Vilnersborg, Sweden, 150 years; Rhine 
River at Baste , Switzerland, t 50 years; Nemunas 
River at Smalininkai in Lithuania, U. S. S. R. , 13l 
years; Danube River at Orshava in Iron Gates, Ruma
nia, 12,0 years; St. Lawrence =l.t Ogdensburg , New 

York, U , S. A. J.. 97 years; and Missis sippi at St. Loui s 
Missour i, U . ::.. A., l:I6 years. 



NoMh America. The ,,'ucce~, 
Geological Survey (Denver Cor the stations in 
the U. S. A., and Canadian publications on river flows 
for the stations in Canada. 

The relative frequency distributions or 
four characteristics of these river gaging stations 
are also given in fig. t. This permits a comparison 
of two large samples, one on the global and the other 
on the continental scale. These variables are: area 
of river basin (Al; average river flow (Q); average 
specific water yield (q); and length of observation(N). 

This large sample will always be treated 
in two alternatives as far as the length of observations 
is concerned. The lirst alternative will be the length 
of 30 years for all 446 stations, namely the period 
1931-1960. The second alternative will be the total 
available, but unequal and interrupted length of obser
vations for individual stations, with an average length 
of 37 years. 

The second sample is composed of station 
data in such a way that a station does not include the 
flows at the upstream stations that are already in
cluded in the sample. If, in a river basin, a station 
A would have s tations B, C, and 0 upstream, the 
annual flow V. and annual eCfective preCipitation P e 
at A have been determined only for the river basin 
net area, which does not contain the areas of stations 
B, C, and D. This was computed as Vn " VA -

, sq.ml" 2.6 km· 0 ."0 

1OOcts:2.B4 m' /sec. 

- (VB + Vc + Vr:} , where Vn is annual flow at the 
station A for the net area. Similarly. nPe ,. 
s PetAl - Pe(B) - Pete) - Pe(D) , where nPe Is 

annual effective precipitation at the station A for the 
net area. 

This approach was selected for the purpose 
of aVOiding the high regional correlation of annual flow 
and annual erfective precipitation between the flows of 
the stations, when the flow o r an upstream station 
passes at a downstream s tation. In other words , the 
flow and effective precipitation at the adjacent stations 
become more independent, if the flows of a station do 
not contain the flows of the upstream stations. 

9. Com arison of two lar e sam les of 
river gaging stations. he comparison of four charac 
teristics of river basins for the two large samples 
shows that the average area, average discharge, and 
average length of observations are greater in the fir s t 
sample than in the seco nd sample. The specifiC water 
yield has approximate ly the same distribution in the 
two samples, except that the second sample shows 
some stations with greater yields, as well as a larger 
relative freque ncy for very small yields (up to 0.4 
ds/sq. mt.) tho.n the first sample. The shorter ave
rage length of observation in the second sample is 
compensated in this study by a larger sample size, 
than for the fir st sample. The average distance be
tween the stations in the first sample is much greater 
than in the second sample. The average r egional cor 
relation coeffi cient among the annual nows of stations 
s hould therefore be smaller in the first sample than 
in the second sample. 

'cb/sq.rri z108Itt / $«I km' 

N 

• 
Fig. 1. Relative frequency distributions for four characteristics: drainage area (A), 

average discharge (Q), average specific water yield (q), and number of years 
of observation (N) of the two large samples of records of river gaging stations. 

i ) First large sample of data (global sampling). nl· 140 stations; 
Z) Second large sample of data (continental sampling), nZ" 446 stations; 

with m, number of stations lor a class i nterval; n, t otal number of 
stations (140 or 446) ; and f " mIn, relative frequency. 
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The lirst sample has approxim ately 
140 x 55 " 7700 statton-years. while the second sam
pIe has 446 x 31 s 1650Z station-years. Taking into 
account that the average regional correlation coeffi
cients among the 00w8 is s maller in the first sample, 
It ca n be expected that the conclusions about the pat
terns in sequence of annual flow and annual effective 
preCipitation may be considered of the same order of 
signifi cance in both Sampl!!8. 

The second sample has the data on flow 
and errcctive prec ipitation of independent river basins 
(the areas of two river basins never overlap). while 
this c rite rion has not been applied to the lirst sample. 
This difference between the two samples still further 
decreases the effect of regional correlation among 
station data of the second sample, because of the much 
smaller average distance between the pairs of stations. 

It should be stressed, however, that the 
first sample Incorporates several rivers and their 
stations with large s t orage reservoirs (St . Lawrence, 
Gma, Neva, Victoria Lake, Albert Lake, etc . )' 80 
that the average dependence of the successive values 
of annual now is expected to be somewhat great er in 
the first sample than in the seco nd one. 

The small samples of data of river gaging 
stations, selected from the two large samples, either 
reler to specific regions, or are selected according to 

the other criteria for the specific problems investi
gated. This will not be specified in this paM of the 
study. 

10 . Lar e sam les of annual recl ita
tion. The same area covere y e secon arge 
sample of river gaging stations is used for the samp
ling o f annual precipitation. The precipitation sta
tions with 30 (193 1- 1960) or more than 30 years of 
observations are divided into two groups: a) stations 
with data considered stationary by either of two tests: 
by double mass-curve test (Weather Bureau Regional 
Forecasting Services), or by the test of station moves 
(either in plan, or by a vertical elevation); and b) 
stations with nonstationary data by either of the two 
above c riteria of stationarity. The large sample of 
annual precipitation of stationary records contains 
11 41 stations . Figure l gives the distribution of the 
average annual precipitation (Pi). and of the number 
(N) of years of obse rvation for these s tations. 

The large sample of annual precipitations 
of nonstaUonary records contains 473 stations. Fig
ure l gives also the distribution of Pi and N for 
these nonstationary records. 

The main objective of the sample of 
nonstationary re cords of.annual precipitation is the 
analysis of the effect of nonstatlonarlty in data on 
the patterns In sequence of annual precipitation. 

f= ,m hIR-n , Inches: 2.54 mm 0 
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stations; 3) Nonstationary series, average annual precipita io.n (ZPi) , 
nZ - 473 stations; 4) Nonstationary.series, length of observation 
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total number of stations (1141 and 471); and f - mIn, relative frequency. 
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C. MATHEMATICAL MODELS 

1. Variables used in mathematical models. 
In order to study the patterns In nuctuaHons or annual 
flow, annual effe ctive precipitation, and annual precipi
tation, these variables were defined as total values for 
a water year and a river basin. The variables used 
and referred to the river basin were: V. annual river 
flow a t a gaging station; P e , annual e ffe ctive precipi 
tation, or the net annual water yield of atmosphere; 
Pi, annual precipitation at the ground; E, annual 
evaporation and evapotranspiration from the ground; 
Pc, annual precipitation at the cloud base·; E a , an 
nual evaporation of precipitation between the cloud base 
and the ground; We ' total water volume stored at the 
end of a water year; Wb, total water volume stored at 
the beginning of a water year; bW, annual change in 
the total water storedj e , random errors in any vari 
able; i, inconsistency (syst ematic errors) in any 
variable; h, nonhomogeneity·. in dat a in any variable; 
q, all types of e rror in the com puted bW. 

Z. General mathematical model. The annu 
al effective precipitation for a river basin may be 
expressed as: 

Pe '" Pc - (Ea+E)· Pi-E -V+ We -Wb -V+ bW (1) 

with 
Pi :: Pc - E.a, and bW:: We - Wb ' 

The variables Pc and Eo. are not currently meas
ured. The precipitation Pi over a river basin is 
usually computed by using the data of a small number 
of rainfall stations. Any procedure used for the com 
putation of Pi -values by a small number of rainfall 
stations, produces an annual precipitation which has a 
large inherent error. The evaporation is measured at 
points like rainlall, and sometimes only through a 
quantity (a potential tor evaporation) , which is related 
in a complex manner to the real annual evaporation 
occurring under natural conditions. Also, the meas
urements during the winter are otten discontinued, 
due to the frost effects. 

The variable V represents the measured 
annual river flow. It is actually the most accurate 
value available for a river basin of all variables in 
eq. ( I). The change in storage bW may be deter
mined approxiIn ately by computation of values We 
and Wb . It was concluded for the purposes of this 
study that the variable P e would be much more accu
rate for the majority of river basins with flow meas
urements, if P e • V + bW is used instead of P e • 
" Pi - E, with Pi determined from point measure
ments of rainfall, and E estimated from the meteoro 
logical variables measured at some points in the river 
basins. Determination of the net water yield of atmos
phere to a river basin, by using the balance of moisture 

-" Cloud base 1S dellned as the altitude at which the 
air is supersaturated with water vapor and at which 
the raindrops falling from the clouds above it cense 
to grow and start to evaporate. 

•• The nOnhomOieneity in data is deCined here as the 
difference between the true historical flow or true 
historical precipitation (random and systematic errors 
are excluded) and the virgin flow or virgin precipita
tion, respectively. 
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input and output of air masses over a basin, gives 
reliable results Cor very large river basins only. 

Seven variables Pc, Ell. , Pi, E , P e , 
bW, and V are characterized by their two basic sta
tistical properties: frequency distribution, and se
quential pattern. As all seven variables are related , 
their two basic statistical properties are interrelated. 
The simple relationships 

Pc . Pi+Ea (2) 
Pi · Pe+E (3) 
Pe • V + bW (4) 

as well as the properties of variables E a , E, and 
bW determine the relationShip of properties among 
four other varinbles . In other words and as examples: 
if the properties of annual flow and annual water carry
ove r, as well as t heir relationship, are known, the 
propertie s of annual effective precipitation can be de
rived. Or, if the properties of annual evaporation in 
the air, a s well as their relation to precipitation, at
mospheriC and earth conditions , and the height between 
cloud base and the earth, were known, the properties 
of annual precipitation at the cloud base can be derived. 

For a long series by neglecting the effect of 
the ends, T.AW is approximately zero, so that V : Pe . 

The variables Pc and Pi are usually closer 
t o a random sequence than the variables P e and · V . 
The advantage of using the mathematical models of 
eqs . (1) to (4), and the models relating Ea. E, or 
c.W to some of the above four variables, lies in deriv
ing the properties of nonrandom series trom those 
sequences which can be well approximated by random 
series . 

Advances in radar hydrometeorology may, in 
the future, enable a systematic investigation of the 
relationship and propertiee of variables in eq. (2) . The 
available records of precipitation, river flow, and 
evaporation from the earth's surface enable the inves
tigation for the variables of eqs . (3) and (4). 

The computed annual flow at a river cross 
section generally has: a) a random error, which 
represents t.he difference between the true and the 
computed value; b) inconsiste ncy. , resulting from 
systematic error made in one direction-pos itive or 
negative-due to the methods of measurement o r com
putation (for example, the effect of shifting control, 
bedshifting effect, or special bed roughness as rip 
ples, dunes, etc., when not followed during the close 
time intervals and taken into consideration by the 
computation methods); the values without random 
errors and inconsistency in data are referred to a s 
true values; and c) nonhomogeneity being produced 
by the change of virgin flow either by man ' s influence 
or by natural phenomena in a river basin (fires , 

• A dishncl10n IS made here between inconsistency 
and nonhomogeneity, though often they are grouped 
together or interchanged as terms. Inconsistency is 
defined here as systematic errors, or differences be
tween true flow in nature and the data computed, but 
with random error excluded. 
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sedimentation of lake, l andslides). and defined as the 
difference between the true value of computed V. 
and the true virgin flow. Similar definitions may be 
applied to measured precipitation or evaporation. '" 

The true value of annual effective pre 
cipitation of virgin nature is expressed as an exten 
sion of eq. (4) in the form 

( 5) 

wh ere Pte is the true and homogeneous value of Pe ; 
cv . iv. and hv refer to the random error, incon 
sistency. and nonhomogeneity in V • respectively; 
and gw represents all types of errors and nonhomo
geneity in the computed tJ. W . 

The true value of the annual effective pre 
cipitation, determined from measured precipitation 
and evaporation is 

Pte = Pi ± Cp t ip t hp - E t ce t ie t he (6) 

where Pte is the true and homogeneous value of Pe ; 
c p and ce refer to random error in computed values 
of Pi and E, respectiv~ly; ip and ie are incon 
sistency in measuring and computational techniques 
of Pi and E, respectively; and hp and he repre 
sent the nonhomogeneity of data which results from 
the environmental changes with time for precipitation 
and evaporation measuring stations, respectively. 

The properties of variables 6W, E, 
E a , as well as of e, i, h, and g , determine the 
rel ationships among V, P e , Pi, and Pc. 

The hypothetical simple mathematical 
models for 6W, E, and Ea variables were ana 
lyzed, and their effects on the properties and rela
tionships for V, Pe, Pi, and P c were discussed. 
The models are based on the general physical rela
tionships among different variables . 

3. Water carryover. The mathematical 
model of the difference 1n carryover , 6W, as related 
to P e or V, and to the other variables which affect 
it. are in general of a very complex nature. 

The method by which the water volumes 
stored in river basins at different times were deter
mined for the purpose of this study is described in 
detail later. Some general characteristics and a 
Simplified mathematical model for the carryover are 
dealt with here first . 

River basins have three basic types of 
storage: a) underground storage above the dead 
storage; b) surface storage in lakes and swamps 
above the dead storage; and c) surface storage in 
stream channels . These storage spaces have spe 
cific leatures (for example, stream net storage is 
affected by unsteady flow of traveling flood waves), 
and they are in general highly interrelated. The 
water storage below the ground-water table also is 
interrelated with the soil moisture or plant moisture 
above the water table. 

'" 1 he nonstahonarlty of hme series of annual flow 
and annual precipitation is assumed here as being 
produced mainly by the inconsistency and nonhomo
geneity in data. 
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The main assumption for the design of the 
mathematical model is derived here from a general 
property of water outflows from storage spaces of a 
river basin_ Experience shows that the outflow follows 
a decay recession curve . if the precipitation and 
evaporation over the river basin are assumed to have 
ceased for a sufficiently long period. 

A volume-elevation relationship for river 
basin storage space may often be approximated by an 
equation of simple power function, as W s '" aHm , 
with Ws • storage, H " water depth above the ref
erence level of outflow zero. with a and m constants 
for a given storage space [9. 10]. An outflow rating 
curve may also be apprOximated often by a Simple 
power function, of the type Qs " bHr, with Qs " 
" outflow discharge, H " same depth as for storage 
function, and band r constants for given outflow 
geometry [101. Using the balance equation: inflow 
minus outflow equals the change in water storage; 
then, assuming that inflow is zero after a storage 
space has been filled. at which time the outflow dis
charge is ~, and putting n " m Ir (ratio of two 
exponents in the simple storage and rating curve 
functions), with c = bnla , a lactor connecting the 
lour constants a, b . m, and r, then 

Q,n- I =Qn- l_ c(I_ .!..) t (7) 
o n 

where t " time [IOJ. Only in the case when n = 1 or 

m " r, is there Qs '" ~e - ct, or the outflow hydro
graph is a simple exponential function; for n " l, 
the outflow hydrograph follows a straight line. For 
n < 2., the hydrographs are diCferent kinds of decay 
curves with time. The value n is smaller than two 
in nearly all natural cases of storage and outflow 
functions . If the inflow is constant, with the outflow 
of sto red water greater than the inflow, the outflow 
hydrographs are also decay curves asymptotically 
approaching the value of constant inflow, but the ana -
1ytical expressions for rece ssion curves are more 
complex than those obtained by eq. (7) . 

As different ground -water basins, lakes 
and channels have different values of a, b, m. 
and r. the recession hydrographs are a combination 
of several individual outflow hydrographs of different 
decay functions of the type of eq. (7), or still much 
more complex when the inflow into the storage spaces 
fluctuates greatly. The unsteady water flow along 
the river channels further complicates the mathemati
cal analysis o f recession curves. 

The fitting of a flow recession curve for a 
river station (with different storage spaces and exten
sive stream net upstream) by simple mathematical 
functions of exponential type is always only an approx
i mation of varying accuracy. The functions 

Qs " Qoe -rt. or Qs • Qoe-ktS , with r, k, and 

s the constants to be determined by fitting procedures 
are ofte n used. Equation (7) shows that these two 
functions are only approximations to the more exact 
mathematical expressions. Taking into consideration 
that Ws" aHn ,and Q " bHr are also only approx
imations to the real relafionshlps in nature, then the 
fitting of recession curves by mathematical functions 
becomes merely an empirical approach. 

The values of annual effective precipita 
tion for n-th, (n + I) -th •... years are deSignated 
here by P , P +1' •.•. Assuming that the out
flows for s~bseq~ent years of the total annual effective 
preCipitation are divided by this P n , the hydrograph 
Q/Pn " £(t) may be separated according to outflow 



for years n, n + 1. n + Z, ••• , as s hown in fig . 3. 
upper graph. The const antly decreasing areas which 
represent the out flows of Pe • 1 for the first and fol
lowing year s. are the parts of P e flowing out of the 
river basin Cor the years n, n + I. n + 2, ••• etc. 

As it is assumed that the outflow of unit 
Pe has a constant recession curve, and that a large 
part ot P e flows out in the year of its occurrence. 
the portions flowing out starting with n-th year are 
the coetl(cients bo • bi. bz • ••• • which have the 
following six properties: 

'" 1) I: bJ • 1; Z) coefficients are all positive; 3) they 
j - o . 

decrease monotonically;..4) their number extends 
theoretically to infinity. tor the exponential or hyper
bolic expressions fitted to the recession curve; 5) they 
are constants for a river basin only if the rainfall and 
evaporation distributions of this river basin a nd with 
in-the-year are approximately equal from year to year; 
and 6) they do not depend on P e -values, a nd each in
dividual bj depends on the time elapsed since the oc
currence of a given annual effective precipitation. The 
fi r st three properties conform well to the physical 
properties of river basin recession curves. 

The property of infinite time of outflow has 
only a theoretical meaning. In the practical cases, the 
last significant coefficient bm to be used has m only 
of the order of several years ( 10 among the largest, 
usually not more than I or Z). The coefficients b.o ' 
b i , •••• brri are not constant in general, especl8.lly 

m 
because of the ratio of bo to 1: b

J
. , which changes )., 

from year to year. U the values b i , bZ. ... . bm 
have always the same ratio among themselves. the 

m 
change in bo " I - :z:: bj imposes a constant propor 

) " 
tional change in all other coefficient s . The ratio of 

m 
bo to I: bj depends on the t ime lag between the main 

)" 
amount of outflow of P e within the year and the end of 
the water year of t he occurrence of P e ' If this time 

~ 

lag fluctuates highly from year to year. then this ratio 
fluctuates also in the same order of magnitude. 

The recession curves are not constant 
from year to year. The main reason is the nonuni
(ormity oC distribution of precipitation and evaporation 
in r iver basins and within the water year. DUferent 
areas of a river basin have different storage charac 
teristics. The property that the brcoefficients are 
independent of P e and are constarft. must be under
stood only as an average in the statistical sense, and 
as a simplllication introduced here. 

The constancy and the independence of bj
coefficients from Pe are two assumptions used in tf\e 
development of th e following mathematical model 
relating the change in carryover to the annual e fCectlve 
ll~ecipitation. The r elation of ~W to Pe becomes 
(fig . 3): 

'" '" ~W ·We -Wb ·Pn I:bJ'+P I I:bJ' + 
1 n- Z 

'" '" + Pn~Z I: bJ + ..... . . - (Pn-l I:bj + 
3 1 

'" + Pn-Z I: bj + •••• ) . P n - (boPn +b l Pn - 1 + 
2 

+ b Z Pn-Z + ••• ) • 

'" ~W • Pn - I: bj Pn-j 
) ' 0 

or 
(8) 

Equation (8) I"hows that the relationship of ~W and 
the corresponding Pe-values: P n • P -1 ' ••• Is 
described by a multiple linear regressfon, if bj
coeffic ient s are assumed to be only the average values 
oC changing brcoefficient8 from year to year. 

The simple linear regressions instead of the mul 
tiple linear regressIons are given here for ~ . ~W IV 
against bY . Y- 1 • Perrre - 1, with V :. 15e • average 
annual flow or average annual e ffective precipitation. 
for St. Lawrence River. Gtjta River, and Neva River 
are, respectively ~ .. O. 191bY; ~ = O. 10 1 ~Y; and 
~ . O. 563~Y. and are shown in fig. 4 (a), (b). and (c). 

I~ .~,_, __ ~ __ ~ __ ~ c t.. r b
$ 

Fig. 3. 

~ (n.3J-th year -+- (n· 2)-th yeor -+- (n·1).4.h year ............. no(h yeor --ot 

Proportions (b-coefficients) of an annual effective precipitation which 
flows out of a river basin for successive years , upper graph. A sche
matic representation of water carryover from year to year, lower graph. 
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The values of the correlation coefficient rare: 
0,515. O. Z68, and 0. -461, respectively. As rZ is the 
part of variation of 6. explained by the variable Y. 
then the simple linear regressions of b against Y 
explain 26.5%. 8, 27%. and 21. 3%, of the variation of 
6. respectively for the St. Lawrence, Gl:Sta and Neva 
Rivers. This analysis of explained variations shows 
that the change in carryover is a function also of the 
previous values of annual effective precipitation, and 
not only of that for the same year for which II W is 
determined. 

Because of simplifying assumptions under
lying the properties of bi-coefficients, eq. (8) should 
have a component e (assumed random here), which 
takes care of the differences between the real physical 
relationship and the assumed properties of bj-coefCi
cients, so that 

(9) 

~~M\~~~~~~~~iH~~~~m~O~d~'~I~rijor the re -

usmg eq. (9), the 
expressed as a fun',",: ;,'o:-n--' ;- : 
Hon, as shown in fig. 3, 
eqs. (4) and (9) j z(X) 

Vn .L bjPn _j + e 
J=o 

( 10) 

where the number of Pe-members theoretically is 
iruinite, but practically can be restricted to m + 1 
members, with the assumption that e is a random 
variable component , normally distributed, with mean 
zero and standard deviation se. Equation (10) with 
m + 1 members represents a linear mathematical 
model, a linear autoregressive scheme, or a linear 
Markov process. 

Equation (10) means that if the properties 
of the Pe-variables are known, namely its probability 
distribution and the mathematical model of nonrandom
ness, and if the values Of bo , b l , ••• bm are deter
mined, as well as sei {variance of e), the properties 
of V-variable can be derived analytically. 

As V-series are known in general, a 
s imilar equation may be derived for Pe-values from 
V -values as 0) 

P n Z .1: aiVn + i ! d (11) 
1" 0 

with d a random variable, and at - coefficients being 
related to brcoefficients. 

The b·-coefficients in eq. (10), or ai
coefficients in eq. J( 11) can be determined in general in 
two different ways: (a) by using multiple regression 
analysis from the available sample, and eq. (10) and 
(I t ); and (b) by relating the above coefficients to the 
statistical parameters which desc ribe the nonrandom 
ness of a series . 

Assuming in eq. (10) that P e is random 
in sequence, and that the number of significant terms 
i s m + 1, and putting Bv" standard deviation of V
series, and sp · standard deviation of Pe-series, 
then it can be easily proved by using the expected val
ues in the expression for second moments that 

m 
1: b· i 

j - o J 
(IZ) 

The term se 2 is related only to the ran
dom flu ctuations of bj - coefficients around their mean 
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values, because of the properties assumed for these 
coefficients. The errors and nonhomogeneity in V 
and llW are not included here in sez• Assuming 
seZ/spi to be small and negligible, t hen 

, ' m 
-=- ~ b. z <: ( 13) 
sp 

, 
J 

j=o 
m 

because J: b·" 
j"o J 

1 • or 0 < bj <: 1. The annual flow 

has a smaller variance than the corresponding annual 
effective precipitation. 

If bO' bl' b2 .• . are relatively small, 

then the sum 1:bj 2 is much smaller than unity. In 
most cases, the ratio seZ/spl is much smaller than 

(1 - !:bj
1), so that Sv ~ I sp Z is smaller than unity . 

If the carryovers llW are large. so that 
m 

the f bj is large in relation to bo, and if bo 
tuates in a small range (e is small) , then 8 v

l < 

fluc, 
sp • 

If llW was related only to V, approxi
mately with llW = b(V - V) with b positive, then 

V; P e + bPe 
1 + b 

with V • P"e' 

For Pe > J'5"e , then V < P e and for 

( 14) 

P e <: P e , then V > Pe , or V is smaller than Pe 
for large values of Pe , and greater than P e for 
small values of P e . 

The difference in carryovers lJ,W acts as 
an attenuator of extremes, so that the standard devia
tion of V-series is smalle r than that of Pe-series. 
However, it e in eq. (to) is large in comparison with 
P e , and as it is either positive or negative, it can 
occur in some cases that the V -series may have ap
proximately equal or even greater standard deviation 
than Pe-series. 

The same conclusion can be drawn from 
eq. (12). If Sez/spz is greater than ( 1 - Lbjz), which 

00 

can occur for large bo and small I: bj , and a large 
j " 1 

random nuctuatin~ component e. then the ratio of 
variances a//sp may be unity or greater t han unity. 

In general, however, the greater the car
ryover for given Pe-values and the more stable the 
bO-coefficient, the smaller is Bel, and then also Sv 
is smaller than sp . 

Figure 5 gives the distribution of 140 val 
ues sv/sp for the first large sample, and of 446 
values sv! Bp for the second large sample o f river 
gaging stations, for computed values Sv and sp ' 

The first sample has only 23 values 
greater than unity, and t 17 values smaller or equal t o 
unity. The average ratio is 0.967. This distribution 
shows that the majority of stations has this ratio close 
to unity (from 0. 98 to 1. 02 there are 82 stations or 
about 60 percent of stations) •. The carryover in most 
of the stations is either negligible or is of the same 
order of magnitude as the e-random component in 
eq. (10), and there are also the errors in V and lJ,W, 
so that the influence of carryover cannot be clearly 
distinguished. The rivers with large lake storage have 
the ratio Sv/sp from 0.40 to 0.90, and show that a 



large and substantial carryover has a much greater 
effect than the random factor e, For three rivers 
these ratios are: St, Lawrence, 0,44 ; Gata, 0,59; 
and Neva, 0,68, 

The second example has a similar dIs 
tribution of sv/sp as the first sample , but with the 
mean value 0,991, because on the average the carry
overs 1n the second sample are much smaller than in 
the fi rst one, 

As the factor e in eq, ( 10) depends most
lyon the rainfall and evaporation distribution in a 
river basin and within each water year, the problem 
of the interaction of the b/' - coeffiCients and the factor 
e cannot be solved withou mathematical and physical 
models for the sequence of rainfall, evaporation, and 
runoff within water years of a particular river basin. 

As 6.W is estimated with the error gw, 
and as V-values have two types of errors and the non
homogeneity (e, i, and h), as given by eq. (5) , the 
ratio Bvl Sp is further affected by these four factors. 

The mathematical models for the differ 
ence of carryovers, eq. (9)j for the annual flow, eq. 
( t o); for the variance of annual flow, eq. ( I Z); and the 
ratio of variances, eq. (13); represent only first ap
proximations to the real hydrologi cal model governing 
the relationship of annual flow and a nnual effective 
precipitation. 

5. Annual evaporation from river basins. 
The annual evaporation from a river basin depends on 
several factors . Among them are: amount of annual 
precipitation, its distribution within the water year 
and across the river basin (especially as a function 
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of altitude) , solar radiation and it s distribution within 
the water year , stored water from previous years and 
during different seasons, vegetation cover, and cli 
matic variables (i. e. , deficit of moisture in the air, 
temperature, wind velocities) . The complex relation 
s hip of annual evaporation to many variables is the 
main reason that the runoff-rainfall relationship is 
also complex in the most general case. Since the im 
porlance of some variables changes from basin to ba 
sin, no general function has yet been developed relating 
the annual evaporation to the many significant variables 
of the river basin and its climate . 

Simple and multiple correlation and re
gression analyses show that the annual precipitation 
is one of the most significant independent variables, 
which explains a large portion of variation of evapo
ration. The other signific'ant variable is often the 
volume of water stored in a river basin. The higher 
the levels of lakes, rivers, and ground-water tables. 
and the greater the soil moisture and water stored in 
plants , the greater is the total annual evaporation. 
The climatic fa ctors as s ig nificant variables deter 
mine both the maximum annual moisture which the 
atmosphere can receive from a river basin, and the 
real amount of water evaporated and transpired. 

A simple linear mathematical model will 
be assumed here for the evaporation, only for the 
purpose of shOwing and discussing the effect of evapo
ration on nonrandomness of annual effective precipita 
tion, starting from a given sequence pattern of annual 
precipitation. This simple model is assumed here to 
bo 

( 15) 

where: P i ' annual precipitation; Wb, water volume 

i , , 
I , , , 

2 I , 
,,( 
"1 
~ 
cI 

f! , 
~ 
0 
c 
0 • I 

8 " 
Fig. 5. The relative fr equency distrib.utions of the ratio svlsp, which is the ratio 

of standard deviation of annual flow to standard deviation of annual effective 
precipitation, for t he two large samples of records of river gaging stations: 
1) Distribution for the first sample (global scale sampling), with n1 :: 140 
stations; 2) Distribution for the second sample (continental scale sampling), 
with n2 " 446 stations; 'TTl , number or sv/sp values in a class interval; n, 
number of s tl-tions in t he samples (1 40 or 446) ; f " min, relative frequency. 
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\ 
and moisture stored in surface and underground spaces 
and in plants at the beginning of a water year; Ii. and 
b. coeUicients which depend on the c limatic factors 
Ct . el, . .. Ci; and ~ I a random factor which em 
braces the effects of neglected variables, distributions 
of precipitation, and distribution of stored water and 
moisture across t he river basin and within that water 
year. CoeC!icients a and b are {unctions of all the 
above factors and are interrelated. 

The variable Pi will be considered here 
as being close to a random sequence~ or a value Pi 
is independent of previous or subsequent values. As 
the beginning ot a water year cuts a continuous 
meteorological situation, a small dependence among 
the s uc cessive values of P must, however. exist. 
The variable Wb depends on the previous values of 
annual effective precipitation. An important climatic 
variable is the saturation deficit of the air, and it 
depends partly on the evaporation. and therefore in
directly on Pi and Wb . The net solar radiation in 
the river basin is also affected by the cloudiness a nd 
air moisture, and therefore indirectly by Wb and E. 

There is a carryover effect on the annual 
evaporation and evapotranspiration in a river basin, 
being produced by the water storage from previous 
years. This is expressed as the dependence of Wb 
on previous annual effective precipitations. as well as 
dependence of saturation deCicit in the air on Wb. 
The factOrS a and b in eq. (IS) may also be partly 
dependent on the moisture history of the river basin 
and the su.rrounding region. 

The value Wb at the beginning of n -th 
wat er year (Cig. 3) is 

'" Ebj+ . . . !e 
j ; Z 

( 16) 

where e. a random component, which takes care of 
fluctuations oC brcoefficients around their mean 
values. 

The b --coeffi cient s here are somewhat 
different from tho~e in eq. (8), because apart from the 
water storage, the moisture storage in t he soil above 
the grou nd-water table and in plants should also be 
included in Wb ' 

Putting 
C, '" !: bj ; cz " 

i " t 
'3 • 

which arc all smaller than unity, then 

'" Wb R !: ci Pn- i "t e ,-, (17) 

In this way eq. (15) becomes for the annual 
precipitation of the n - th year 

'" En - aPp + b !: ciPn_i t I'} 
i ; t 

( . 8) 

with 1J , a random co mponent, and Pp is the value 
of Pi lor the n -th year. 

The fact tha t a anq b are assumed to 
depend on the climatic variablesrnakes eq. (18) much 
more complex than it may seem at first glance. 

The main property of eq. (18) is that the 
evaporation En of the n-th yea r in a river basin 
depends on the annual effective precipitation of pre
vious years, both because of t he presence of second 
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term on the right side and because of the com plex 
dependence o f a and b on t he climatic factors . 

6. 

Pe s Pi- E 

Pn s ( l -a)Pp -b ( 19) 

USing the recurrence procedure oC eq. ( 19) 
for Pn-I' Pn-Z, • . . and assuming that only tirs t 
m + 1 va uea of ki are significantly different from 
zero, then 

(ZO) 

with 
kO - I -a; k l - -bct<l·a); kZ" b( l -abcl1-cZ); 

k3 - b( l -a)(b'ql+Zbctcz-c3);etc., and 8 a 

random com ponent. 

This is als o a Unear mathematical m odel 
or a linear Markov process. 

The annual effective precipitation is re
lated to the annual precipitation of the same and pre
vious years, because the annual evaporation is related 
to the water and moistu re stored in a river ba sin from 
previous years in both a direct and an indirect way. 

Equation (ZO) shows that if Pi-values are 
random in sequence, the series 01 annual effective pre 
cipitation is not, because the mathematical model of 
that equation relates Pe to several preceding values 
of Pi' 

7 . Annual e vaporation of ~recipitatiOn in 
111e air The purpose of the 10iIowmgetaIled derIva
tion is to show how the physical -mathematical model 
derived s upports the hypothesis that the evaporation of 
rainfall in the air affects the nonrandomness of annual 
precipitation at the g round. Neither precipitation at 
the cloud base nor evaporation of rainfall in the air is 
actually measured. The analysis of the physical
mathematical model is thus the only procedure cur
rently available to indicate the validity of this hypothe
sis. 

The rainfall intensity growth through the 
clouds of falling raindrops is assumed to cease at the 
cloud base, and the process of evaporation of precipi 
tation in the air occurS between the cloud base and the 
ground. 

A mathematical expression for t h e average 
terminal fall velocity of raindrops a t e l evation Z is 

(lI) 

which is simplified expreSSion of those given by A. C. 
Bestlt l ] with V z ' terminal fall velocity in e m /sec; 

S " 950 cm; m • 4,0 lit 10-5 in m - 1 (meter) -I; 

c" 10. 7 em- I ; with Z , altitude in meters; r, rain
drop radius in cm (raindrop reduced to a sphere of 
the same volume), with r · 0 - 0,30 cm. 

A mathematical model for an average den 
sity distribution function of raindrops during rainfall is 

3Cn2n
-
2 

lmo - nk [(') n 1 
p(r) .. • Bn ":r"r_"n;;- exp - B;k (ll) 



<1 , 

I 

which is developed further from the r elationships 
gtvenby A.C. Best ( I Z] where C - S7, mo "O.846. 
I3 = O. 13 . k = O. 232, n" Z. 25; with all these con
stants given by A. C. Best [lZ); p(r). density dis
tribution function: r. raindrop radius in em; I . 
rainfall intensity In mm/hr at the elevation Z. 

Intensity I in eq. (22) usually refers to 
the air space immediately above the ground at the 
altitude approximately Zo " O. If the value Ig is 

given for any ground elevation Zg. then the corres
ponding value in eq. (22) for the elevation Z would 
b. V 

l ' lg~ (Z3) , 
The temperature gradient is assumed 

T = To - 0,0065 Z (24) 

where To. temperature at the sea level; and T. 
temperature at the elevation Z in the air, both in DC. 

The water vapor pressure e at the altitude Z i, " a-Z eg c ' Cg-+ (l- -R....)e s ega b - g ega 
(25) 

where eg . vapor pressure at ground level Zit; es 
and ega • s aturation vapor pressures at the altitudes 
Z ana Zg , respectively; with 

T, 
es ~ e +0.00066 Pa(T -Ts) ( 1 +m) (l6) 

with Pal total pressure of moIst air; e and es In 
dynes/cmz ; T{dry-bulb temperature, or Tal and 
Ts (saturation temperature for e . or wet-bulb tem
perature Tw1 In °C. 

T o compute the evaporation of rainfall in 
air, the following variables should be known: II!' 
rainfall intensity at the ground as (unction of tim e; 
Zg , grou nd elevation; Zb ' cloud base altitude; To. 
sea level temperature; and eg. vapor pressure at 
the ground level. There i s a relationship between 
llZ : Zb - Zg (cloud base heigt'lt above the ground), 
and the rate of change of T and e with elevation, 
8S well as with eg and To. 

The rate of total transfer of heat from the 
air to a n evaporating and ventilated spherical drop 
occu r s at the rate of (131 

(Z7) 

in cal/sec . In this equation k f1 (Re. a) is heat 
transfer factor (k , thermal conductivity of air; at 
o °c it fa 5.66 x 10-5 cal/cm/sec GC); Td. tempera
tur e a t the surface of the drop in GC; 11 (Re . a ). a 
fu nction of Reynolds number Re and Prandtl number 
a . with He" ZrV/1I ; V, velocity of the drop rela
tive to the air. II .. kinematic viscosity of air; dry 
airatOOChas II ~ 0.1 3crnl/sec;and IT"IIIIIC ' 
with II c .. thermometric conductivity or thermal dif
fusivity of air. (0.1895 cmz/ sec for air at 0 °e). 

The rate at which the total mass of water 
vapor M is transferred from a raindrop to the ven
tilated air is [ 131 :1.; -4 lr R'k r(e - ed) fz(Re. IT') (Z8) 

in grlsec. where Pw " ~e/RK is density of wate r 
vapor in gr/cm3: E:. specific gravity of water vapor 
with respect to dry air (0. 6ZZ); Di coefficient of 
diffusion of water vapor in air (cm Isec. O. zo - O. Z9 
for temperature range _ ZOGC to 40 GC at 1000 m b 

is 

pressure); R, universal gas constant applicable to 
any gas per gram of dry air (0. Z780 x 107 erg/gm 0c, 
when e is given i n dynes/cm l

); K, absolute or Kel
vin temperature in °c at which the process occurs 
(K • Z73 + T); e. vapor pressure in the air sufficient
ly distant from the drop (in dynes/cmZ); ed. equilibri
um vapor j,ressure at the boundary of the drop (in 
dynes/cm ); and 'Z(Re , fT ' ) a function of Reynolds 
number He and number 0"' .. II ID equivalent to 
Prandtl number a. The approximate values of f l 
and fz are 

f l (Re • 0") " 1+0.Z46"VR; 

fZ (Re. fT') I + O. ZlZ"'I!"R; 

(Z9) 

(30) 

The heat balance o f the drop. assumed to be governed 
by the equality of se nsible heat transfer and latent heat 
transfer. as df'lldt '" LdMJdt. with L, latent heat 
of vaP9rization of water (L " 594 . 9- O. SIT, c at/gm, 
T in GC) gives 

dM 4lr~1DJLk ( ) ( 
_.o erT-Ts f I Re .fT) (3t) 
dt ~ zLzKJe - kRzK' 

with J , m echanical equivalent heat (4. t 86 x 107 

erg/cal) . 

The e vaporation of all raindrops in a unit 
volume of a ir (Im~ is given by 

m 

~ . I 8.oaee_(~-TS> p(r) r( 1 + 0. Z4sVR;) dr (3Z) 

r "o 

with a , a factor greater than unity taking ca re of 
nonsphericit:r of drops; ao " 411'k/L ; 1. 21 x 10 - 6 ; 
bq ," kRzk'/€ LZOJ _ noo dyne s/cmz; He • ZrVz/lI . and 
p\r)isgivenbyeq. (ZZ). The values e . T, T s. 
p (r) , and Re are functions of time and altitude. 

The evaporation of rainfal1 for a given 
rainfall event is 

(I) Zb to 

E " ao a g J ( I e(~~1~)r(1+0.Z46YP;) 
r *o {"Zg t ao 

p(r)drdZ dt (") 

where g, gravity constant: to, duration of a rainfal1 
event. 

The annual evapo ration of rainfall in the 
air over a place is the summation of E-values for all 
rainfall event s during a year, and the total annual 
evaporation above a river basin su rfac e is the s um of 
annual evaporation over the river basin area. 

Evaporation thus depends on e (vapor 
pressure at Z), T (temperature at Z). and Zb " cloud 
base altitude. These three variables in turn depend on 
the climatic factors of a region. and indirectly alao on 
water evapor ation from the ground and ground condi 
tions . The evaporation of rainfall in air depends. 
therefore. also on the moisture and water stored in 
river basins in different forms and at different places . 

The greater the water s torage in a river 
basin in comparison with river nows. the more i nflu
ential is the effect of water evaporation from the river 
basin on the atmosphe re (temperature . vapor pressure, 
cloud base height). The re is, therefore . a carryover 
effect of mOisture s tored from previou s years in river 
baSin on the evaporation of rainfall above it, between 
the grou[ld and the cloud base. However. the climatic 
factors of t he region in which the particular river 
basin is located playa dominant role for the evapora
tion of rainfall in the air. 



B. Simple mathematical model for the 
relationship of annual precipitation at the ground to 
annual precipitation at the cloud base , Assuming that 
the evaporation of rainfall in air is a function oC rain
fall and environmental climatic conditions, then 

(34) 

where Pc, annual precipitation at the cloud base; 
Wb • annual storage oC water or moisture in the river 
basin, at the beginning oC a year; and c and d, fac
tors which depend on climatic variables. Similarly 
asin eq. (18) 

ro 
Ea · cPc + d :t a j P n-j ± E: (35) 

j"o 

with Pn-j, annual effective precipitations of the cur
rent and tbe previous years, with " a random com
ponent. 

As Pi " P c - Ea ' then 
ro 

Pi " (1-c)Pc -d.:2: ajPn _j ± € 

J"o 
(36) 

If the annual precipitation at the cloud base 
is a random variable , the fact that Ea depends to 
some extent o n the annual effective precipitation for 
previous years , makes the annual precipitation a non 
random variable . The greater the carryover, the 
smaller Ea should be. The significance of the non
randomness introduced by the changing carryover de
pends on the order of magnitude of second term at the 
right side of eqs . (35) and (36) in comparison to the 
other two te r ms. 

It should be expected that the mathemati
cal model, eqs . (35) and (36) would be very complex 
in a detailed study, becau!:£ there is a constant inter
a ction between the atmosphere and the river basin 
surface, as well as a continuous or discontinuous re
placement of air masses above a river basin and dur
ing a water year. 

It is not possible to tell in advance how 
the evaporation of rainfall in the air would affect the 
time series of annual precipitation at the ground, once 
the sequence pattern of annual precipitation at the 
cloud base is a ssumed . However, there is a legiti 
mate expectation that some difference in sequence 
pattern would usually exist between the two series of 
annual precipitation. 

rela-

l~~~i~~,~~0 river flow to annual effective pre-annual effective precipitation to annual 
at the ground, and of annual precipitation 

at the ground to annual precipitation at the cloud base, 
show that the important physical reasons for nom'an
domness in the sequence of annual flows are: 
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(2) Evaporation from river basins, which are related 
to dll1erent amounts of mOisture stored in river basins 
from year to year (so indirectly again it is an effect of 
water and moistUre storage in river basin) ; and 

(3) Evaporation of rainfall in air above river basins , 
which depends on the values and gradients ot relatlve 
humidity and temperature, and on the altitudes of 
cloud base above a river basin and in a water year. 
They, in turn, a lso depend to some extent on the 
moisture stored in river baSins from previous years 
(so indirectly again it is an effect of water and mois
ture storage in river basin). apart from the main de
pendence on the climatic factors. 

(4) Inconsistenc and nonhomo eneit in data. Incon
sistency an non omogeneity 10 annua va ues o f flow 
and preCipitation increase on the average the nonran 
domness of time series , They create nonrandom ness 
if the true virgin values are random in sequence, 
Both phenomena are more or less present in the ser
ies of annual flow, annual effective precipitation, and 
annual precipitation at the ground. The nonrandom ness 
in sequence of annual flow and annual precipitation is, 
therefore, partly affected by any substantial amount 
of inconsistency and nOnhomogeneity in data. 

to. Investigation of nonrandom ness. To 
investigate the nonrandom ness 10 sequence of a nnu al 
values of runoff and r a infall, corresponding reliable 
samples of data are essential. One station may show 
a type of nonrandom ness which the adjacent stations 
may not prove; or if they support it, the reason can 
be the regional correlation of annual values among the 
adjacent stations. 

The sampling of stations in a very large 
area has such properties that the average intrastation 
correlation of annual values is expected to be a mini
mum, becausc of sufIicient distances between stations . 
This is particularly true for the first s ample of river 
gaging stations, selected on a global scale. The sec
ond sample of river gaging stations and the large sam
pIe of precipitation gaging stations of Western North 
America are expected to have somewhat greater ave 
rage correlation coefficients of annua l flow or annual 
precipitation of all stations taken pairwise, than the 
Iirst large sample of river gaging stations . However, 
this area is large, and the average coefficient is not 
expected to be much greater than zero , A special in 
vcstigation of this intrastation correlation will be 
carried out later, in order to t est the significance of 
statistics derived for such large samples from large 
areas. 

The results of investigation of nonrandom
ness in sequence of annual values of runoff and rain
fall for the samples described in chapter B are the 
subject of subsequent parts of this study. 



D. COMPILATION OF SAMPLE DATA 

I. Annual rive r flow. Observed hydro
graphs of river nows and the sequence of average 
monthly flows. show in general that the within-the -year 
flow fluctuation follows the annual cycle in most cases . 
The astronomical cycle of the year is the reason that 
many phenomena which produce or affect the runoff 
have regular seasonal variations. Examples of these 
oscillations are: regular seasonal fluctuations of 
rainfall and evaporation; regular sequence of cold and 
hot seasons, with snow and ice accumulation and melt
ing, respectively; regular occurrence of vegetation 
growth seasons; and similar. 

The effect of this annual cycle is excluded 
by the computation of annual flows on the basis of a 
sel ected beginning of the water year . October I was 
used almost exclusively as the beginning for the 
Northern Hemisphere (November 1 for some European 
rivers). and January 1, April 1, or May 1 for the 
rivers of Australia, Africa, New Zealand, and ASia. 
The termination of the low flow season is used as the 
end of the preceding and the beginning of the following 
water year. 

The selection of the most appropriate 
beginning of the water year for the study of fluctuations 
of annual river flow .and annual precipitation was a 
problem specially studied. The results will be dis
cussed in one of the future parts of this paper . The 
approach and analysis of this problem is briefly out
lined here . 

Twelve beginnings of year were used for 
several stations and twelve time series of annual val
ues were obtained from the same time series of 
monthly flows. Beginnings were January 1. February t 
March 1, and so on until December 1. The selected 
beginning for this study of October 1 for most stations 
wa s thus also included . The statistical parameters 
which measure the nonrandom ness as well as those 
which describe frequency distributions of these time 
series were computed. The comparison among these 
statistics for the twelve series have given the idea of 
the effects of a year beginning, on characteristics 
of time series. Nonrandomness of time series with 
the water year beginning on October 1 was among the 
smallest of all twelve series with various beginnings 
of the year. 

Z. Compilation of carryover. The com
pilation of water carryover in river basins is not 
usually simple. A great amount of work is necessary, 
if it is to be determined with a sufficient accuracy, 
especially for large river basins. An approximate 
method was used in this study, which is more accurate 
for small river basins than for large ones. 

The daily flow at the lower part of flow 
recession curve of a river station at the beginning of 

::< see "Water", the yearbOok of Agriculture, 1955, 
U. S. Department of Agriculture, page 60, for the 
sequence o f average monthly flows for some key river 
gaging stations in the United States of America. 

18 

a water year was considered to be an index of stored 
water in the river basin at that time. Daily flows in 
the two months preceding and following the beginning 
of a water year (usually September and October) were 
normally used to determine the mean recession curve 
for the time around the beginning of a water year. The 
total water volume stored in the river basin was com 
puted by using the determined mean recession curve 
and the index flow. 

The average of the two mean monthly flows, 
of the months preceding and following the beginning of 
a water year , was used as the index flow when only the 
monthly flows for a station were available to the author. 
The ~ecession curve of highest slope from the reces
sion of monthly flows was used in this case. 

The index flow obtained as the average from 
the two mean monthly flows is only an approximation of 
the daily flow at the beginning of a water year. The 
average of the two mean monthly flows was used as the 
index flow for nearly half of the 140 stations of the first 
large sample, because the daily flows of these stations 
were not available to the author. It was also used for 
some years in the second large sample when daily flows 
were missing. The computed water storage in river 
basins has substantial error in these cases. In gen
eral, the daily flow was more often used as index flow 
for small river basins. The average of the two mean 
monthly flows was used as the index flow usually for 
the large river basins. 

When very high flows occurred at the be
ginning of a water year. the storage volume was com 
puted as the sum of the flood volume that passed the 
stat~on from October 1 up to and including a selected 
low flow on the recession curve, which flow was occur
ring later 1n October, and the water volume determined 
from the receSSion curve which starts from this selec
ted low flow. This low flow was used as the index flow. 
The computation of the second part of storage volume 
in a river basin is determined from the lower part of 
the recession limb of the hydrograph [ 9J. Most of the 
index flows were thus taken from the mid or lower 
part of the recession curve . This accommodation in 
the case of occurrence of a peak flow at or near the 
beginning of a water year has been justified by the 
assumption, that the flood peak at and immediately 
after the beginning of a water year was produced by 
the rainfall preceding that beginning and should be the 
part of annual flow of the preceding year . 

The accurate computation of the difference 
of carryovers, oW, is complex. It was practical for 
the purposes of this study to determine llW only as 
an approximation. The majority of values of computed 
llW are under O. 1 percent of the mean annual flow. 
The greatest absolute values of oW are the most sig
nificant for the determination of the series P e , which 
is determined by the equation P e = V t oW . 

The fitting of the mean recession curves 
was done by the exponential functions of two forms, 

either as Q = Q..,e -ct or as Q = Qoe ~ctn . Semi-log 
paper was used to plot many receSSlon curves for a 
river station, and from them the mean recession curve 
was determjned~ The coefficient c was then computed 



for the firs t function, and the mean recession curves 
in graphical form for t he second type o f exponential 
function were used. The mean value o f the coeffi cient 
c for a river basin was computed as 

c .. ~/W for Q .. ~e-ct 

Figure 6 shows an example of the mean 
recession curve with the approximate fit by the func-

tion Q .. ~e-ct . Several recession curves of daily 
flows in the months of September and October were 
plotted and the mean slope in the semi-log scale dia
gram was determined. The r e lationship of W against 
Qo given as relationship W : (l/ c) Qo is a straight 
line . The wate r stored in the river baSin was thus 
simply determined from the index flow ~ by dividing 
itbyc . 

Figure 7 shows an example of the mean 
recession curve with the approximate fit by the func-

n 
tion Q " Qoe - ct . Several recession curves of daily 
flows in the months of September and October were 
plotted and the mean slopes for give n ranges of Qo 
were determined. These slopes are given also in 
fig. 7. Figure 8 jives the relationShip of W against 
Qo, with the apprOximations of their nonlinear rela 
tionship by several straight lines for the select ed 
ranges of Qo . The values W were determined from 
this polygon line for given values of Qo . 

Mean receSSion curves were determined 
for each of the 140 stations in the first large sample 
and each of 446 stations in the second large sample, 

a 
(ds) 

'0. 000,, _______ --',., 

which were used in this s tudy, a nd the corre sponding 
series of W values were computed. The annual 
e ffective precipitation was computed by the e quation 
P e = V + We - Wb " V + b.W , with P e and V the 
annual effective precipitation and annual fl ow for a 
water year and a river gaging station, respectively, 
and We and Wb, the water volumes stored in a 
river baSin at the end and at the beginning of that 
water year, respectively. 

The water storage in the river basin was 
computed from the recession curve that has been 
ex:tr.apolated beyond Qmin (minimum index flow and 
mInlmum flow at the recession curves) . This extrapo
lation has small influence on the difference b.W. If 
an error oWo is introduced into both We and Wb by 
the extrapolation of recession curve beyond the lowest 
flow index, then b.W" (We t b.Wo) - (Wb t 6.Wo) .. 
= We - Wb. Therefore. the recession curve in the 
range of the used index flows should be a good approxi
mation only . 

T he question of the index flow to be used 
for the compilation of the stored water in a river basin 
became a problem, when the outflow from large lakes 
had considerable influence on the flows (St . Lawrence 
River, Neva River, Gota River, etc. ). Two m ethods 
were used to determine the water storage. In some 
cases the approach of index now at the beginning of a 
water year was used (Neva, Gata) . In the other cases 
(St. Lawrence Rive r) the total water storage in large 
lakes was computed, using the surface areas and leve ls 
of lakes at the end of each water year, and the com
puted s tored volume was considered to be approximately 
the same all the total water volume stored in the river 
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Fig. 6. Determination of the mean recession curve for Sabine ltiver near 
Rulift . Texas , U. S. A • • as an example of fitting the exponential 

function Q '" ~e -ct t o observed recession curves in Sept ember 
and October. with C = 5.16 x 10-; for the low n ows below 4000 ds. 
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basin. It was supposed that the total water stored in 
all other bodies of water in the river basin was small 
in comparison with the total water stored in large 
lakes. 

3. Dimensionless and standardized 
variables. The annuBl how, or v·vaiues. and the 
annual effective precipitation computed by using 
eq. (4), as Pe·values, have been reduced to dimen
Sionless variables (modular coefficients) as U · V/V. 
and Y = PelPe in both the first and the second large 
samples . In the second sample the standardized 
variables (V - V) Isv , and (Pe - 'Pe) Isp were also 
determined for the particular purposes of using the 
second sample also for regional correlation studies 
and synoptic studies of wet and dry years in a large 
region. 

The procedures used ror the computation 
of values of t:.W do not take into consideration the 
following factors: (1) unsteady movement of water 
along the channels; (Z) now concentration time in 
large river basin; (3) effects of snow and glaciers 
either on the index flows or on t:.W; (4) differences 
in recession curves from year to year (departures 
from the mean recession cu rve). which are caused 
by variable evapotranspiration losses around the be
ginning of a water year, because of different climatic 
and biologic cover conditions; and (5) effects of evapo
ration within the year on recession curves (assumption 
that P e • Pi - E always has a positive value for each 
year, or Pi > E). In some river basins, therefore, 
substantial errors occur in the computed lIW-vaiues. 

5000 

• 000 

4. Annual W'ecipitatiOn. The series of 
annual precipitahon mestern Oruted States and 
Western Canada were computed for the calendar years. 
The selection of stations was affected by the test of 
homogeneity. which was done either by double-mass 
curves in aome regional weather services, or the 
homogeneity was estimated directly from the staUon 
history. mostly from the vertical and horizontal 
displacements of stations with time. 

The seriea of annual precipitations Pi 
have also been made dimensionless, or have been 
standardized by computing (Pi - Pi) /si • with sl 
standard deviation of Pi' 

The reduction of data on dimensionless or 
standardized variable has been made by using the 
digital computer. 

The annual precipitation is given (o r cal 
endar years instead of for water years, because data 
in the first form was readily available for punching 
on cards. The assumption has been made that the 
analyses of sequence of annual precipitation by serial 
correlation, ranges, runs, a nd variance spectrum 
will not give substantially dif(erent results for various 
beginnings of year. This selection was not considered 
as an important fa ctor in deriving the conclusions 
about the patterns in sequence of annual precipitation. 
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Fig. 7. Determination of the mean recession curve in the form of 
Btraignt lines approximation for variouB rangeB of low nows 
of South Fork Skykomish River, near Index, Washington, as 
an example of fitting the exponential function Q . ~e-ctD to 
the observed recession curves in September and October. 
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5. Data of the first sample . As the first 
sample of data of river gaging stations has 68 long 
record stations outside the United States, it was con
sidered useful for the researchers in the States to 
reproduce data of the first sample in a condensed 
form. 

Table I, Appendix t gives the names and 
locations of 140 stations, basin area, and several 
statistics which characterize annual river flows and 
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(cIs) 

260.0. 

2400 

220.0. 

2000 

1800. 

160.0. 

140.0. 

1200 

10.0.0. 

800. 
, 

600 " 
, 

" 
400 

its series expressed in modular coefficients (Oi) • 
and annual effective precipitation and its series ex
pressed in modular coefficients (Yi)' The index of 
variability is defined here as the coefficient q! varia
tion of logarithms of the corresponding U- and y. 
variable , 

'fable Z, Appendix Z. gives the series of 
U - and Y -variable in modular coefficient (means are 
unities) for all 140 r iver gaging stations. 

• 200,L...~---=-'=-"",,=----o'~""-f;'6,.....,;';c---':''"'''=-+'----':';;--;!B;;-3-;!.;;-0. W (cf .10. ) 0.6 0..8 to. 1.2 14 , 1.8 20. 22 2.4 2.6 2 

Fig. 8. Relationship of water volume stored in a river basin (W) and the index flow (Q...) 
for the example given in fig . 7. Straight lines fitted t o various ranges of low trows 
of the recession curve give W. f(Qo) relations hip which approximate s well the 
nonlinear function . 
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E. ERRORS AND NONHOM(XjENEITY 

1. Random errors of annual flows. The 
ratio of the standard devlahon 01 random errors to a 
discharge is called the relative error. Multiplied by 
0. 67 it is called the probable relative error. 

The data published by some hydrologi c 
services is accompanied by an estimate of the proba
ble error of individual daily discharges. In the U. S. 
Geological Survey (Water Resources Division), the 
words excellent, good, fair, and poor are used to 
desc ribe the errors in the data-the estimate being that 
the probable error is up to 5ft. 10%, 1510, and greater 
than I S"/. , r espectively, in comparison with the com 
puted discharge . Very little information is available 
for the quantitative analYSis of errors in computed 
annual flows. Many factors make this problem com
plex: the errors in measurement of discharge and 
gage height; the use of rating curve, with loops created 
by unsteady flow and some changes in bed roughness 
(plainbed, ripples, dunes , antidunes); the shifting of 
bed; the manner of dis charge computation, etc. 
Actually, there are two dUferent problems: a) the 
error o f any individual discharge, estimated Cram the 
rating curve and gage height; b) the error of computed 
mean value of an annual flow. 

The probable error of the mean annual 
flow is much smaller than the probable errors of its 
individual daily discharges, if a sufficient number of 
discharge measurements and estimated discharges are 
used for computing the annual flow . There are three 
main sources of random errnrs in the annual flow: 
I) Sampling error, which depends on the number of 
individual discharges taken ror the computation of the 
annual flow; l) measurement error, which comes 
from the errors in measured discharges; and 3) 
rating curve effect, which d~pends on the way the 

rating curves are obtained, plotted, and used. The 
probable error of an annual flow is a function of these 
basic factors: the number N of dischar ges taken for 
the ~omPUtation of annual flow (i. e., 365 mean daily 
dilrc"arges), the number n of measured discharges, 
the probable error of measured individual discharges, 
the coefficient o f variation for N discharges, and 
the goodness of rating curve. 

The nonrandom ness of a time series is 
decreased, on the average, by the presence of these 
random err ors. The effect o f random errors on the 
sequential patterns of annual flow and annual effective 
precipitation may be considered small, except under 
special conditions. 

l. Inconsistency in annual flows . Incon
sistency has been dehned as a systemahc error, 
sometimes on one side of the true value and some
times on the other along the se ries, with fluctuaHons 
around the true value. Inconsistency is introduced by 
any kind of systematic errors which change from time 
to time. 

The case of the River Nile at Aswan Dam, 
fig . '9, is analyzed here as an example of inconsiste n
cy. Before the construction of Aswan Dam in 1903, the 
observations were made by stage gagings downstream 
of the dam . From 1 903~ 1 939 , discharges were deter
mined accurately enough by relating sluice measure 
ments in the ~ .903~1939 period to the gage-stages 
downstream; and that rating curve was then applied 
for the determination of dischar~es before 1903, from 
1869 to 1901 (14, pages Il5- 147j. The degradation 
downstream, after the dam was put into operation by 
a removal of sediment Islands and some bank eroSion, 
has changed the rating curve in comparison with the 

K; 
Ki :Vj/v=modUlar coefficient of amual flows 

VI = annual flow for any year 
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Fig. 9. Fluctuations of armual now of River Nile as an 
example of inconsiste ncy in data of time s eries. 
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"true rating curve before the dam was built. The re
sults are that the mean discharge for 34 years before 
1903 Is 3380m'/s (1869-1903). and the mean discharge 
for 5Z years after 1903 is 1.650m'/s (1903-19&5). 
Though the created reservoir increased the losses by 
evaporation and eventually by seepage, ' the difference 
of the mean discharges of 730m'/s cannot be chiefly 
explained in that manner. Both inconsistency and noo
homogeneity effects are inherent in the data, but in
consistency s'eems prevailing. 

The first period has a mean discharge 
27.7% higher than the mean of the second period, 
which will be shown below as significantly different 
from zero for the two periods of 34 and 52 years. 

Table 3 gives the mean discharges for Z 
or 3 periods-each between 34 and 52 years long-Cor 
19 river gaging stations, the Nile included. The 
means of the short periods of the 34- to 5Z-year span 
are given in modular coefficients K with respect to 
the general mean as unity. The difference l1K" KmaJC 
- Kmin for Z or 3 periods is considered here as a 
rough measure of the sampling deviation of the means. 
This difference for the Nile River is 0.250. Assuming 
as an approximation that the distribution of annual 
flows for each station is normal, the level of signifi 
cance that the maximum difference AK is not differ
ent f rom zero can be determined. The variance of 
the mean was computed for the Nile by the formula 

'( 1 1 ) var (l1K) . s Ni + IG 
where s~" variance of annual flows for the period 
N " N I + N2, and N t and NZ are the parts of the 

total period. With AK/ Vvar(AK) • the standardized 
variable for tJ( is obtained and the level of signifi
cance determined from the normal function t ables. 

The majority of rivers, 14 out of 19, have 
AK-values which are not significantly different from 
zero on 95"/0 level. Among all stations, the Nile River 
has the greatest level of significance o f 99. 99"~, which 
wouti lead to the conclusion that the mean annual flows 
for two periods of 34 and 52 years are significantly 
dUferent from zero. In this case, inconsistency in 
data may be assumed as likely, with the chance of 1 
in 100 000 that the difference of tJ(" 0, 250 for the 
Nile ruver might be produced by a sampling deviation. 
This significance level would be somewhat smaller' if 
the interdependence of successive annual flows would 
be introduced int o the t est of significance for tJ( " 
= 0.250, However, this interdependence is largely 
produced by the jump in the ,mean of the time series 
around 1903, because the interdependence Cor each of 
two periods is much smaller than that for the total 
period of 86 years. Therefore, the test. under the 
condition of independence may be justified. 

The values of level of significance of 
99. 94 for the St, Lawrence River should be viewed 
from the fact that the large water carryover in Great 
Lakes makes the means of the two periods of 49 years 
highly interdependent, which deviates from the 
assumption that the means are independent. The 
effective sample sizes of two 49-year half-periods 
would be much smaller than 49, as would the level 
of significance, if this interdependence of means 
would be taken into account. 

3, Nonhomogeneity in annual flows 
Nonhomogeneity has been defined as the change of 
virgin flow with time, As an example of nonhomoge
neUy, the annual flow of the Colorado River at Lee 
Ferry station, Arizona, is given here and briefly 
analyzed. Figure 10 shows the graph of 64 years of 

historical annual flows, the computed annual virgin 
flows, and reduced annual homogeneous flows at the 

'period 1954-1957, by taking into account the depletions 
acting on river flows at that time, The depletion 
model [4] shows that the average annual flow was con
stantly decreased from 1896 to 1959, 

The virgin annual flows have for 64 years 
the coefficient of variation or Cv • O. 278. The ratio 
of mean for each of the two periods of 32 years {1896-
19l7, 19Z8-1959J to the mean for the whole period of 
64 years of historical flows are: K1 " 15.30/13.53 '" 
= 1.13, and K2= 11.75/13.53 =0.87, respectively. 
The difference tJ( . O. l60. Using the expression 
var (AK) "' 4C//N, then the level of significance is 
more than 99. 99ft .that the difference AK = O. l60 is 
significantly different from zero (Kl and K2 are 
assumed independent, and annual flows normally 
distributed). 

Both the physical factors of depletion and 
the test of s ignificance show clearly in this example 
that the two means are from a nonhomogeneous sam
ple, or that the time series of annual flow is not a 
stationary time series. Nonhomogeneity is, there
fore, a complex t rend function which depends on the 
sequence of major depletion factors (water diversion 
out of river basin, beginning of large irrigation pro
jects, of storage reservoirs, etc.), It is quite evi 
dent that there is sampling difference among the two 
hall-period means, but the real difference is substan
tially increased by the nonhomogeneity in data. 

The last 40 to 150 years was a period of 
settlement or of vast agri cultural and industrial devel
opment in many areas of the world. These develop
ments surely produced continuous or at least discon
tinuous changes of the virgin flows. 

4. Discussion oC inconsistency and non
homogeneitY. The low degree of inconsistency and 
nolihomogeneity is difficult to detect, although the 
trend in increase or decrease of annual flows can be 
estimated in some cases. As certain changes which 
cause systematic errors occur during a long period 
of observations (such as changes in i nstrumentation 
used, in methods of measurement and computation, 
changes due to the uncontrolled shifting of bed), it is 
quite probable that a high percentage of the river 
gaging stations selected for this s tudy have more or 
less inconsistent and nonhomogeneous data. It is 
certain that many European and American river 
basins whose data is analyzed in this study have 
undergone substantial changes in the periods of flow 
observations. 

The systematic errors can be of both 
signs. with flows in short periods either abOve or 
below the true values. They create a type of fluctu
aHon, with trends and jumps as the main elements of 
these errors. 

The individual values of incons istency or 
nonhomogeneity are difficult to detect from year to 
year along the series. It is possible, however, to 
estimate the c hange from time to time with the posi 
live or negative sign (as was shown for the Nile and 
Colorado Rivers) by detailed study of historical 
records and data of each river basin and station, and 
by statistical significance tests of different parame 
ters. 

The departUres of the short -period means 
from the general mean can be produced by: a) the 
sampling fluctuations oC means; b) the shifting due 
to the oscillatory phenomena, to the long-range 

r 



N 
4 

. , 
i? I. '$ ' ? .,' ......oi 

v, 
,. r r n - VIRGIN FLOW 

P..,ST 1: 

2et _ HClMOGENEOUS FLOW REDUCED TO OEPLETKm 

9",,,noN ~ _ ~""'< ,co. 

,. 
,. 

'f ' Fl ,. 
I '. , 
I 

>2 

'0 

• 
6 

• 
, 
O. 

• • 

CONDlTIOI6 OF THE PERIOO '!9~_'9!57 

STREAMF1.OW 
IN MiLLION 

r. rl r1 
I I ! I : : 

ACRE FEET 
PER YEAR 

-~=t----- __ , ... L 

r, 
" , , 
! I 

b~- '-- ---TrL! ~ b-+- - -----IT-rr--

u.:. 

~ ~ 
o 
!' 

fl ,-
! 

• !' 

1

_, 

r- i , , 

~ 

1696_$SQ 
.A.YERAGE VIRGIN FLON 
'15.'(7 ~ to" oue leet 

., 
, I 
! i 

11 

1896_1959 

1353)<10" ocre leet 

r

"'" .. ''' "',"""c A.a. 

r, 
I ' , ' 

rJl ---, 1 r -, 

C41---~- f~- --~-- -----+- f=f' 
r1 
,-t-

~ 

-, , -.-
Eb 

• 
" • 

, , , 

I::: 

o • 

__ l -F-=: 

I 
:-~ 
: 

~ ~ 

nt 

~ • 

AVER.o.GE HOMOG ENEOUS ANNUAL FLo.<i, 
REOUCED FOR DEPLETk:lN ON THE PERIOD 
195-4 _11157 
12.8<;1 ,,10" ac .... leet 

c, 
: I , I 
I , 

r; , , , , 
! ! 

r-: 
- - t---

J=: 
------... T it' po - ->'-'~ 

"=t 

~ • 

=-__ --=--=--=I:~- 1 _ 

, . , , , , 

W 

~ • 

-, 

• • 
Fig . 10 . Fluctuations of annual now of Colorado River at Lee Ferry Station, Arizona, 

with historical, virgin, and homogeneous annual flows reduced at the period 
1954 -1 957; an e xample of nonhomogeneity in data of time series. 



persistence or regression effect; c) shifting due to 
inconsistency and nonhomogeneity. Two aspects of 
inconsistency and nonhomogenetty are of practical 
~nterest: 1) how to detect them, and Z) how they 
Influence the statistics which describe the patterns in 
sequence of a time series. Their influence can be 
indicated by the - study of different statistics which 
point to the possible sources of inconsistency and 
homogeneity {cases of the Nile and Colorado Rivers, 
respectively) . The statistical indication ot possible 
inconsistency and nonhomogeneity should always coin 
cide with the physical sources of inconsistency and 
nonhomogeneity determined by characteristics of 
nvailable data. peculiarities of river gaging station, 
and f rom the river basin and gaging st ation history. 

The study of e ffects of inconsistency and 
nonhomogeneity in data on patterns in sequence of 
annual now, annual effective precipitation and annual 
preCipitation will be the subject of a special part of 
this paper. It is difficult to distinguish in practice 
between the effects of inconsistency and nonhomoge
neity, although they are two diHerent phenomena. 

5. Errors in com~utation of the difference 
in carryover. ihe errors lnne quanhty 6W pomt 
out that the effect of water storage in a river basin 
on the annual now is not fully eliminated by the 
troW-values as they were determined in this study. 
The greater these errors, the larger are the corres 
ponding effects still remaining in the computed annual 
effective precipitation. Since an approximate method 
was used here for the computation of o.W, these 
error s are always present. They are expected to be 
greater for the large river basins, where the flow 

cpncentraUon time is long a nd precipitation dist ribu
hon over area o r in time is quite non-uniform from 
year to year, than for the s mall river basins where 
concentration time is short and distribution of rain
fall is much more uniform both in area and in time . 
The errors will be greate r with a high percentage of 
snow and ice carryover from year to year, than in the 
case where this 1s negligible. 

6. Errors and nonhomogeneity in annual 
precipitation. A computed value of annual precipita
tion has random errors, systematic errors (inconsis
tency), and nonhomogeneHy in data. 

Inconsistency is created mostly by ch anges 
in instruments. method and time of measurements, 
etc. Nonhomogeneity comes mostly f rom three 
sources; (a) movement of precipitation station by a 
substantial horizontal distance; (b) m ovement of sta
tion by a substantial vertical distance; and (c) changes 
in the envi r onment of a s tation, i . e ., tree growth, 
building of houses , or any other substantial change 
around the station which affects the now pattern of air. 

Precipitation data must be considere d, 
therefore , as having relatively large errors and non
homogeneity in its annual values, nonhomogeneity 
being the more important for the purpose of this s tu dy. 

A comparison of annual precipitations of 
two larie samples of precipitation stations: (a) ho 
mogeneous stations and (b) nonhomogeneous statIons, 
is intended to show an order of magnitude of nonran 
domness which can be introduced in the series of 
annual precipitation by nonhomogeneity in data. 

Table 3 

Comparison of mean annual nows of 19 r ivers for periods of 34 to 52 years (see data, Tables 1 and 2) 
showing K ratio of the means of sho rter period to the mean of total period, and N number of years in 
short periods . 

I Period II Period III Period oK 
River N K N K N K Kmax - Km in 

COt a 1807- t 857 5. 1. 02 i 1857- 1907 5. 1. 005 1907- 1957 5. 0.968 0. 053 
R hine , Basle 1807-1857 5. 1. 005 1857- 1907 5. 0. 966 1907-1957 5. 1. 027 0. 06 1 
Nemunas (Sm) 18 U - 1855 " 0.974 t 855- 1899 44 0 , 996 1899- 1943 44 1. Olt 0 . 037 
Danube (Orsh.) 1837- 1877 4. 0. 987 1877-1 917 4. 1, 0 12 1917-1957 4. 0. 998 0. 025 
St. Lawrence 1860- 1909 49 1, 030 19()8 -1 957 49 0, 969 0. 06 1 
Mississippi (St. Louis) 186 1-1909 48 1. 027 1909- 1957 48 0. 972 0 . 055 
Tennessee 1874- 19 15 41 I. 058 18 15- 1956 41 0. 94 3 0, 11 5 
Mississippi (Koekuk) 1878- 1918 4. 1. 066 18 17- 195 7 4. 0.929 O. 137 
Nile (Aswan Dam) 1869- 1903 14 1 .150 1903- 1955 52 0.900 0.250 
Ka nawha 1877- 1917 4. 1. 07 1 1917- 1957 4. 0, 924 O. 147 
Ne va 1859- 1897 38 0.977 1897- 1935 38 1. 020 0. 043 
Mures t 877- 19 16 38 1. 0 19 19 16-1945 38 0.963 0.056 
Dni eper 1881- 19 18 37 1.000 19 18-1955 37 1.000 O. 000 
Coulburn 188 1- 19 18 37 1.000 19 17 - 1954 37 1. al l O.Oll 
Kiewa 1885- 192 1 36 1. Oll 19l 1-1 957 36 1. 977 0.04 5 
Thames 1883-19 19 36 0. 94 9 19 18- 1954 36 1. 059 o. It O 
Susquehanna 1890 -1 9l5 35 1. Ol4 19l1- 1957 35 0, 960 0.064 
Drina 1890-19l5 35 0. 984 19l1- 1957 35 1. 0 11 0,027 
Dal 185l- 1887 35 1. 030 1887- 19l2 35 0. 971 0. 059 

Z5 
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F . CONCLUSIONS 

The preceding discussion and the mathe
mati cal models derived above s how that variations In 
water carryover In river basins from year to year 
(moisture in the soil and plants included). evaporation 
(rom the river basin, snd evaporation of rainfall in the 
air are the three significant fa ctOrS that produce and/or 
affect the nonrandomncss in sequence of annual now 
and annual precipitation. Inconsistency and nonhomog
cneity in data also produce and/or affect dependence in 
time ser ies of annual flow and annual precipitation. 

Subsequent parts of this study deal primari
ly with the effects of these factors on the patterns in 
sequence of annual values of runoff and rainfall. FOr 
this purpose, the samples already described in detail, 
as well as the statistical techniques outlined in Chap
ter A , are used, 

Many attempts have been made in the past 
to explain the nonrandomness of annual flow and annual 
precipitation partly, or fully , as direct result s of 
occurrences in the upper atmosphere and the oceans, 
and by solar and cosmic activities , The author's pre
liminary investigations have led to a step-by-step 
approach to the analysis of patterns in sequence of 
annual flow and annual precipitation. First, the 

effects on these patterns of wate r carryover, evapora 
tion from the ground, evaporation of rainfall in the 
air and incons istency and nonhomogeneity in data 
should be investigated and accountedior. If the non
randomness in time series, which has not been ac 
counted for by these factors, remains Significant. 
further steps In searching for the causal factors of 
nonrandom ness wUI become justified. 

Factors associated with the upper atmos
phere. then the oceans. then solar and cosmic activi
ties are logical steps in the search for the sou r ces of 
nonrandomness in the sequence of wet and dry years. 

The mathematical models in Chapter Care 
only an indication of causal factor s of nonrandom ness. 
Serial correlation analysis, analysis by range and 
runs. and variance spectrum analysis of time se ries 
of annual flow and annual precipitation are fore seen 
as subsequent parts of this study. They will serve to 
determine the effects of the above factors (carryover. 
evaporation at the g round. evaporation in the air. and 
inconsistency and nonhomogeneity in data) on nonran
domness. They will also show how good a .!Iimplified 
mathematical model is in describing the time depen
dence ':If wet and dry years, 



I 
1 

·1 

I 

REFERENCES 

1. Hurst , H. E . • Long-term storage capacity of res
ervoirs: Am. Soc. Civil Engineers Trans., 195 1, 
v. 116, no. 2447, p. 776 . 

Z, Hurst, H. E • • Methods of using long-term storage 
in reservoirs: Institution of Civil Engineers 
Proc • • London, 1956, pt. I , v.5, p. 519. 

3, Hurst, H. E •• The problem of long-term storage 
in reservoirs: Intern. Union Geophysics and 
Geodesy Information Bull. , London, 1956, no. 15, 
p. 463, 

4. Yevdjevich, V. M . • Some general aspects of Clue
tuations of a nnual runoff in the Upper Color ado 
River Ba sin: Civil Eng. Section, Colora do State 
University, Fort Collins, Colo. Oct . 1961, 
No, CER61VMY54, p. 48 . 

5. Slutzky. E ., The summation of random causes as 
the source of cyclic processes: Econometrica, 
1937, no. 5. 

6. Levert, C., Das Phaenomen der Persistanz und 
dessen Auswirkungen bei Statistischen Bear
beitungen (Persistence phenomenon and its 
effect in the statistical comput ations) : La 
Mctcorologie, Paris , 1957 , p. 165. 

7. Panofsky, H. A. , Meteorological Applications of 
Power Spectrum Analysis: Amer. Meteor. Soc. 
Bull. , v. 36 , no. 4, April 1955, p . 163 -1 66 . 

27 

8. Blackman, R.B . , and Tukey, J . W. , The Meas
urement of Power Spectra: Dover Publications, 
New York , 1958 . 

9. Langbein, W. B. , Some channel-storage studies 
and their application to the determination of 
infiltration: Amer. Geophys. Union Trans., 
pt. ! , Aug. 1938, p. 435-447 . 

to. Yevdjevich, V. M., Analytical integration o r dif
ferential equation for water storage: U. S. 
National Bureau of Standards Research Journal, 
Mathematics and Mathematical P hysics, v.63B 
no. I, July-Sept. 1959, p. 43. 

11. Best, A. C . , Empirical formulae for the terminal 
velocity of water drops falling through atmos
phere : Royal Meleoro!. Soc . Quart. Jour., v.76, 
no. 329, 1950, p. 302-3 11. 

12. Best, A. C . , T he size distribution of raindrops: 
Royal Meteoro!. Soc. Quart. Jour., v. 76, no. 
327, 1950, p. 16-36 . 

13. Squires, P ., The growth of cloud drops by 
condensation I, General characteristics; 
Australian Jour. of Sci. Resear ch, Series A, 
Physical Sci., v. 5, no. I , 1952 , p. 59-86. 

14. Hurst, Black, Simaika, The Nile Basin; v. 7, 
The Future Conservation ot the Nile: S. O . P. 
Press, Cairo, Egypt . 1946 . 






























































