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ABSTRACT 

The major objective of the paper i s to emphasize the needs for a systematic research into 

many facets of large continental droughts, and to outline methods for an objective definition of 

these droughts. Various ambiguit ies p r esent difficulties in defining hydrologic droughts . Con

cepts are advanced to allow the objective definition of these droughts. Elective factors are 

s ingled out as the basis of definition: The phenomenon determining drought, the variable 

which properly describes this phenomenon, the moisture level at which a drought starts, and 

the area to which a drought i s related. The runs as stat istical properties of time and space 

distribution of water deficit s are recommended as parameters for drought definition. 

Three types of runs r epresent attractive parameters for drought definitions: ( 1) run

length of negative deviations of a time series (duration of drought); (2) run- sum of negative 

deviations between a downcross and an upcross of a time series (se verity of a drought); and 

(3) area-run as the deficit of water over a time duration (run-lengtl:j and area of drought. For 

known properties of hydrologic time series and dependence between time series, the runs can 

be determined either analytically for simple cases or by the data generation method (Monte 

Carlo method) for more complex cases. Examples for these two methods in determining the 

properties of r uns are given for the i ndependent standard normal variable and the independent 

standard log-normal variable with two different skewness coefficients. 

A review is made of results obtained at Colorado State University in the last 4 to 5 years 

on the properties of precipitation, effective precipitation and runoff which affect the description 

of droughts and explain the outlook for drought prediction. Briefly, the outlook for prediction 

of large continental droughts and the potential causal factors for explanation of large contin

e ntal droughts are discussed. An approach is proposed for prediction of large continental 

droughts by the search for interrelationship of oceanic synoptic situation and continental 

precipitation. Some measures a r e explored which offer a promise for combating large droughts. 

vii 



AN OBJECTIVE APPROACH TO DEFINITIONS AND INVESTIGATIONS 

OF CONTINENTAL HYDROLOGIC DROUGHTS* 

by Vujica Yevjevich** 

CHAPTER I 

CONTINENTAL HYDROLOGIC DROUGHTS 

1. Various concepts of drought. One of the first 
steps in the investigation of any problem is the defini
tion of the problem itself; herein lies one of the 
principal obstacles to the investigation of droughts, 
for there is a wide diversity in the ways in which 
different fields of study view droughts. 

The geophysicist's view of drought may be 
climatological, general meteorological, hydrological, 
limnological, glaciological, or concerned with aspects 
of soil physics. 

The engineer views drought as a set of 
variables affecting rainfall, runoff, and water storage 
in its many forms. 

The economist views drought from an e ntirely 
different point of view, that of the areas of human 
activity affected. In his eyes, there are agricultural 
droughts, water supply droughts, and droughts involv
ing fish, wildlife, and range management, to name 
only a few. 

The agriculturist has another point of view, 
closely tied to the water needs of various crops. A 
drought for tomatoes, for instance, may not be a 
drought in the eyes of the grower of potatoes. For 
each, the concept of drought changes during the grow
ing season, mainly by climatic variations, but also 
according to soil conditions, growth state, and the 
ways in which the crops are cultivated. 

Every water user has its own conception of 
drought, and that conception changes with the user' s 
conditions of operation. 

One objective of this paper is a search for 
basic but objective definitions of hydrologic droughts. 
From this point, one can proceed to a second objec
tive, an analysis of the types of investigations that 
should be made of droughts . 

Initially, the droughts can be referre d to as 
a point drought, the small area drought, and the 
large continental drought. The latter will be mostly 
discussed in this paper. 

2. Needs for investigation of droughts. Of all 
the main problems of hydrometeorology and hydrology, 
the properties of severe continental droughts are 
likely to be the least known. When they are computed 

as the water deficiency in areal extension and time 
duration for any given p:-obability of occurrence, the 
figures are usually of a very low accuracy. In 
studying various reports on the drought of the 1930's 
in the Upper Missouri River, one can find estimates 
of return period of that drought ranging from 7 5 to 
3000 years. 

Here is a strong indication that large contin
ental droughts are not well understood, described, or 
explained; their proj:2rties are not known with suffi
cient accuracy to allow predictions of their occurrence, 
duration, or intensity with any real degree of 
reliability. 

This is not due to lack of existing information 
from past observations of precipitation, evaporation, 
runoff, or water storage; rather, it is due to the way 
in which this existing information has been interpreted. 
It has not been generalized with reference to the basic 
characteristics of large continental droughts, par
ticularly with the intent of predicting the probabilities 
of recurrence. 

Several factors have made such an inter
pretation of data difficult, if not impossible: 

First, a trem endous amount of data had to 
be collected, assembled, stored and processed, 
which was not feasible , practical or economical in 
the pre-computer age. 

Second. the objective definitions of drought 
were and are still lacking, such that each researcher 
would obtain the same results on droughts from the 
same basic data. 

Third, the scientific methodology of investi
gation of large area droughts is not yet well developed. 

Fourth, the importance of drought investi
gation is not fully recognized, and necessary funds 
for that purpose have not been available. 

Fifth, potential research centers and com
petent researchers have been mainly concerned with 
other problems of hydrometeorology and hydrology. 

As in many other areas, the general public 
reacts favorably to requests for investigations of 
floods and droughts only when an important area is 

* The research leading to this paper is supported by the National Science Foundation, Grant No. GK-1661 

** Professor-in-Charge of Hydrology Program, Civil Engineering Department, Colorado State University, 
Fort Collins, Colorado 



hit. The drought of the northeastern United States 
during the last six years should spur the study of 
continental droughts on a large scale. 

Many questions about droughts require 
answers: What would be the probability and conse
quences of a severe and prolonged drought in the mid
western United States? How could these consequences 
be mitigated or even avoided? The same questions 
could be raised about many areas of the nation, notably 
the densely populated Southern California area and the 
megalopolis which extends from Boston to Washington, 
D. C. , as well as for similar areas in other parts of 
the United States and of the world. 

3. Basic tyPes of investigation of continental 
droughts. To obtain the needed information about 
continental droughts, the following basic investigations 
are needed: 

(a) To describe droughts, mainly by setting 
up standards of water deficiency in areal extension 
over time duration, dependent on water demand fac
tors within the area to which the standards are to be 
applied; thus one could say, "If these conditions of 
water deficiency persist over a certain length of 
time in this particular area, i~ has a drought. " 

(b) To determine and explain the physical 
causal factors of large continental droughts, and 

(c) To develop methodology for the prediction 
of the initiation, durat ion, severity, and recurrence 
of large droughts. 

The probability of a given type of drought can 
be obtained only from existing data on variables re
lated to well defined droughts. It can be determined 
by a proper statistical analysis of all availabl e data. 
When the drought is well defined, and the data prop
erly assembled, three methods of investigation 
for the description and determination of the proba
bility of droughts can be used: 

( 1) Empirical method, or deriving the infor
mation on drought probabilities of the order of a 
return period which is smaller or equal to the 
period of observation by using the length of observed 
time se ries. 

(Z) Data generation method, or deriving, in 
an approximate way, of droughts of large return 
periods which are equal to or much greater than the 
period of observation, by generating in the proper way 
large samples of data (Monte Carlo method). 

( 3) Analytical method, or deriving the return 
period of any drought by generalizing the properties 
of the available time series and areal relationship of 
various variables affecting the droughts, and thus 
obtaini.ng overall drought characteristics and their 
probabilities. 

The main objectives of these investigations 
are: 

( 1) To ascertain the return periods of par
ticularly severe droughts, and to assess their 
economic and general impact on a large continental 
region; 

(Z) To determine whether the risks involved, 
and the probabilities of those droughts warrant any 
particular measure and investment for combating 
their consequences; and 

l 

( 3) Whether an insurance approach, or 
government support should be the principal means of 
alleviating the consequences and damage of these 
large continental droughts. 

The first objective can be attained by a well
developed methodology of investigation. Explanation 
of large continental droughts is possible through 
studies of synoptic situations of oceans and atmos
phere ki'eceding the drought, throoghout its duration 
and termination. By this means one can ascertain 
whether there are phenomena in atmosphere and 
oceans particularly those which precede droughts by 
a sufficient lag of time and which cause their per
sistence. At present, little is known of the factors 
which determine the onset, duration, and areal ex
tent of large continental droughts. 

The second purpose requires an extensive 
engineering and economic study in ascertaining the 
risks, potential damage, measures and structures 
needed as well as the uncertainties in their perfor
mance and efficiencies. 

The third purpose can be accomplished by an 
appropriate national or regional planning of water 
resource developments with a special emphasis on a 
policy to combat drought. 

Basic economic, social and political studies 
are needed to answer which alternatiw would be best 
suited for the problems of combating large continental 
droughts. 

The prediction of three characteristics: 
initiation, duration and severity of forthcoming large 
continental droughts is a very difficult and seems 
sometime an impossible task. It is a known fact that 
the series of annual precipitation at a gaging station 
is very close to the series of independent variables. 
It is also an important factor that the simultaneous 
values of annual precipitation at various adjacent 
gaging stations are dependent among themselves up to 
distances of about 800 -l ZOO miles. This distance of 
practical dependence is a function of both the regional 
precipitation patterns and the orographic obstacles to 
the moving air masses. With these general charac 
teristics of precipitation in mind, one is logically 
tempted to raise the question of the outlook for the 
prediction of large and prolonged continental droughts. 

It is an attractive approach to assume that 
only the various synoptic conditions of extended ocean 
areas are factors which affect the occur rence and 
create time persistence of large continental droughts. 
The clue for the future prediction of those droughts 
must necessarily lie primarily with the investigation 
of ocean synoptic conditions and with the study of air
sea interactions, giving the preference to the former. 
Atmospheric circulation does not seem to predeter
mine substantially the occurrence of the prolonged and 
severe continental droughts. The simple fact is that 
the non-conservative properties of air as a fluid, 
with a large impact of turbulence and vorticities a t 
various frequencies as random phenomena in the 
atmospheric circulation, make the time dependence 
in series of atmospheric phenomena a relatively 
rapidly decaying property. 

The time lag between a given synoptic situa
tion of large areas of oceanic water and the corres
ponding synoptic situation over a continental area 
seems to be the main expectation for the future pre
diction of large droughts. Both synoptic situations 
must be properly defined from the drought point of 



view before their relationship is attempted. The time 
lag factors for these two synoptic phenomena are not 
yet well understood, and the quantitative values of 
these lag factors are less well known. 

Regrettably, the ocean synoptic situations 
have been observed and studied only for the following 
basic objectives: (a) for navigation, (b) for fishing, 
(c) for weather prediction and (d) for the exploitation 
of ocean natural resources. Oceans have not been 
systematically investigated as the water supply 
sources for large continental areas. Who can tell 
at this time where the millions of acre- feet of precipi
tated water above the Columbia River Basin come 
from? Who can tell how and from where the millions 
of acre-feet of evaporated water from an ocean patch 
or a s ea are replaced, when there are substantial 
differences in evaporation rates over adjacent ocean 
areas? Who can tell at this moment whether and 
how the synoptic situation of the water surface and 
the upper water layer (heat storage, currents, etc.) 
of the Gulf of Mexico and the synoptic situation of 
moisture deposition over T exas are related? Similar 
questions may also be raised. 

The prediction of characteristics of large 
continental droughts is of paramount economic im-
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portance. The policy of operating storage reservoirs, 
the transfer of water, the economic use of the avail
able water supply, and similar policies all could be 
implemented sufficiently in advance to minimize the 
drought damage and the other drought consequences. 

Present-day electrical management practices 
are to transfer energy from areas of surplus to areas 
of defiCiency when proper interconnections between 
regions are available. The same concept might be 
used for the conservation of water, under the follow
ing conditions: 

(1} That the recurrence intervals of contin
ental droughts warrant the consideration of this 
alternative; 

(2.} That the drought characteristics can be 
ascertained sufficiently in advance; and 

( 3} That conveyance structures and equip
ment for water transfer can be economically installed. 
This last alternative in combating droughts in important 
industrial complexes and large population centers 
warrants a serious investigation. Desalination plants 
are a solution for combating droughts along coastal 
areas. 



CHAPTER ll 

OBJECTIVE DEFINITIONS OF HYDROLOGIC DROUGHTS 

1. Meanin of the term "ob'ective definition. " 
The term objective definition imp ies that the 
criteria, methodology, and techniques in the definition 
of droughts are set up in such a way that various 
people, i nterpreting them in the s ame way, will come 
to t he same results for large droughts from the same 
basic data. Any elective factor in dr ought defi nitions 
must be recognized, and its selection made according 
to a particular definition of the drought. 

2. Hydrologic droughts. The t erm hydrologic 
droughts is defined here as the deficiency in water 
supply on the earth' s surface, or the deficiency in 
precipitation, e ffective precipitation, runoff or in 
accumulated water in various storage capacities. 
Basically, a hydrologic drought means a deficit of 
water supply in time, in area, or both. Any hydro
logic drought involves these factors: 

(a) Duration; (b) Areal extension; (c) Severity 
(intensity); (d) P robability of recurre nce; and (e) 
Initiation (or termination) - which m eans its location 
in the absolute time. 

3. Phenome na and variables of drought definitions. 
For an objective a nalysis of droughts the main phe
nomena which are taken into account are: 

(a) Precipitation at ground level; 

(b) Evaporation from the ground, from bodies 
of wate r, through plants, et c; 

(c) Effective precipitation in the form of 
precipitation m inus evaporation; 

(d) Runoff; a nd 

(e) Water s tored in various natural or 
art ificial storage spaces of all kinds . 

Along the water cycle from the precipitation 
reaching the ground to water leaving an area, all the 
above phenomena m a:y be relevant for an objective 
definition of droughts. Therefore, the first selection 
·one has to make is the phenomenon or phe nomena 
which are basis for the definition of droughts. Once 
the phenomenon is selected, the variable or variables 
which describe the phenomenon must be determined, 
such as whether to use a point measurem·ent or a 
total area value, whether intensities (or discharges) 
in the form of continuous series are used or discrete 
values i n the form of daily, monthly, annual, or any 
other time interval values. or whether levels, stored 
water or similar variables are selected. 

The selection of drought definition phenomenon 
or phenomena, and the variable or variables which 
describe them, are the first steps to undertake in any 
objective definition of droughts. 

4. Basic concepts for objective definitions of 
droughts. The runs , as statistical properties of 
sequences, both in time and area, represent, to the 
writer's view, the best basic concept for an objective 
definition of droughts . The runs of the sequence of a 
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stochastic variabl,e (or a combination of stochastic 
and deterministic components making a composite 

·sequence) may be defined in various ways. Figure 
represents a series of a variable x. By selecting an 

X T's 

Fig. 1 For a given seque nce x(T) and t he selected 
base value, x , the concepts of runs which 
may be used for practical objectives of series 
analysis are: T 1 - distance between upcrosses; 
T 2 - distance between downcrosses; T3 - dis
tance between successive peaks; T 4 -distance 
between s uccessive troughs; T 5 - distance be
tween the successive upcross and downcross; 
T6 - distance between the successive downcross 
and upcross; y 1 - sum of positive deviations· 
between the successive upcross and downcross; 
andy 2 - sum of negative deviations between the 
successive downcross and upcross. 

arbitrary value x
0 

the series is cut at many places, 

and the r elationsh ip of the constant value x
0 

to all 

other values of x serve s as the basis for various 
definitions of runs. However, the parameter x

0 
does not need to be a constant and may be conceived 
as a deterministic function, a stochasti c variable or 
a combination thereof. For the sake of simplicity , 
this value x is assumed in all further discussions to 

0 

be an arbitrary constant which must be selected before 
the droughts are analyzed. 

Various concept s of r uns are used in litera-
t ure, and some of them are as follows (see fig. 1) : 

1. T 1 - distance between upcrosses, 

2. T 2 - distance between downcrosses, 

3. T 3 - distance between s uccessive peaks, 

4. T 4 - distance between successive troughs, 

5. Ts -dis tance between the successive up
cross and downcross, 

6. T 6 - distance between the successive 
downcross and upcrosl3, 

7. y 1 - s um of positive deviations, betweenthe 
successive upcross a nd downcross , and 



8. Yz - sum of negative devilltions between 
the successive downcross and up
cross. 

Similar definitions of other runs may also be given. 

For the purposes of drought definitions, 7 5, 

-r 6, y 1, and y 2 seem to best suit the practical needs 

in measuring water deficits and their durations. 

5. Time-runs as elements of drought definitions. 
For the given series of x- variable and a selected 
value x , the two types of runs defined above: ( 1) 
distanc~s between successive upcrosses and down
crosses, or vice-versa; and (2) sums of all deviations 
between the upcrosses and downcrosses, or vice
versa. represent, in the writer' s view, the most 
attractive way of describing the droughts. The dis
tances are the run-length of negative deviations in 
the case of droughts, in the first case, and represent 
the duration of a drought. The s ums of deviations are 
the run-sum of negative deviations for a given run
length in the case of droughts, and indicate the 
deficiency of water supply or the severity of drought. 
Figure 2 represents schematically these two types of· 
runs, designated by n and Sn, respectively, for both 

a continuous and a discrete time series. The ratio 

X 

X 

Fig. 2 The run-length of negative deviations as the 
time duration of a drought {n), and the run-sum 
of negative deviations as the water deficiency 
in a drought (S ), for a given base value x , n o 
which defines the onset and the termination of 
droughts, for both a continuous time series 
(upper graph} and a discrete time series 
(lower graph). 

of the run-sum t o the run-length represents the 
average deficiency of water supply, and is also a 
property of runs for the definition of drought char
acteristics. The runs in the form of the sum, the 
length, and their ratio refer to the time series of the 
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basic variable of the drought definition. In the case 
of precipitation or effective precipitation (precipi
tation minus evaporation), the time-runs refer either 
to the point values or to the average or totals over an 
area. For runoff or accumulated water in various 
storage capacities, the time- runs refer to the totals 
or averages of overall conditions of drought over the 
given river basin above the gaging station, or to the 
total volume of the body of water stored. 

6. Area- runs as the basis for definitions of con
tinental droughts. For precipitation, effective precipi
tation, runoff from small river basins, stored water 
in various capacities over a large continental area, 
the total deficit of water supply in that area below a 
defined x

0 
-valu·e of the basic variable, and for given 

time duration represents the area-run of negative 
deviations from x

0
• Two concepts are feasible: 

(1} The duration of individual time- runs is the same 
for each individual station, river basin runoff, or 
storage condition over individual storage capacities. 
This duration is a changing parameter (say, one-year, 
two-year, ... , n-year drought duration). so that 
area -runs are computed for each duration. ( 2} Dur a 
tion varies from station to station, or from river 
basin to river basin, or from storage to storage 
capacity. In this latter case, only time-lengths of 
negative deviations are taken into account, and these 
lengths may vary significantly among stations of a 
region covered by a continental drought. 

Regardless whether one or the other of the 
two above area-run definitions is used, these are 
time-area runs of water deficiency for a given 
parameter value x

0
• The water deficiency is repre -

sented in fig. 3, and is obtained over an area by using 
the negative run- sum Sn at each individual station. 

The total water deficit is obtained from these isolines 
of negative run- sums for all values below the isoline 
zero. 

The area of drought coverage may also be an 
important parameter to be selected. The area covered 
by a drought usually increases with both the severity 
and the duration of a continental drought. There·fore, 
two options are available: ( 1) Area is an elective 
parameter (say, one is interested in the coverage by 
drought of a state region, or several states, but not 
beyond the periphery of that area); and (2) Area is a 
stochasti c variable, changeable with every drought. 
A selection between these two alternatives must be 
made before an objective definition of continental 
drought is obtained. In the first case, the stress is on 
the area; in the· second case, the stress is on the 
central station a nd drought coverage associated 
with what is happening around that central station. 

7. Advantage of using runs in drought definitions. 
The main advantage of using runs as the elements of 
drought definitions is the possibility of determining 
their properties (distribution, t ime dependence, and 
similar) analytically or by data generation method 
once the characteristics of basic variable, both as its 
time series at any station and the dependence from 
station to station, are known. By describing properly 
the hydrologic !Processes in time at all stations of a 
region, and the dependence between stations, one 
should be able to use either the analytical or data 
generation met!hod to derive the properties of various 
runs. It should be possible, therefore, to determine 
the probability of a given run-sum of a given run
length of monthly values at a precipitation station, 
once that series is available and properly described 



Fig. 3 Definition of the negative time-area runs of 
water deficiency represented as isolines of 
equal run-sum values (Sn) of individual stations, 
given in the upper graph, with its central 
station of greatest deficiency, and its run-sum 
(Sn) and run-length (n), given in the lower 
graph. 

mathematically. Similarly, an area-run of water 
deficiency can be described for its recurrence 
properties if time series of all stations and depend
ences between series are described by the proper 
mathematical models. 

In case the analytical approach becomes un
feasible or very complex, the data generation method 
(Monte Carlo method) is an experimental approach 
always available to obtain properties of runs with a 
desired accuracy. This accuracy may be imp:-oved 
in two ways: (a) by generating more random numbers 
and testing their properties; and (b) by generating 
time series and dependence between them in such a 
manner that they do not deviate significantly from the 
properti es of observed series and dependences. 

8. Elective parameters. In defining contin
ental droughts by area- runs of the type shown in fig. 3, 
the following factors s hould be first defined: 

( 1) Phenomena underlying the definition of the 
drought (precipitation, runoff, or others); 

( 2) Variables of the drought (rainfall intensity, 
river discharge, monthly precipitation, monthly run
off, annual precipitation, annual runoff, stored water, 
and similar); 

( 3) The basic reference parameter, x
0

, for 
variables of time-run determinations; 
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(4) A central station (fig. 3, C) for which 
the length of drought time- runs (n) is determined, 
and for which the dependences of variables of adjacent 
s tations are computed; 

(5} Selection of n or several values of n as 
durations of runs at all stations, if the approach of 
equal durations is used. 

(6} Selection of area (A) if it is a parameter, 
or when the area is a parameter. 

Only when all decisions concerning the above 
selections have been made, is it possible to uniquely 
define droughts by area- runs. 

The selection of x
0

, the base value of the 

variable, is the crucial decision. Figure 4 demon
strates how the run-length and run-sum substantially 
change when x

0 
changes. One may be tempted to use 

X 

{
~~--~~~~~rl-~~--+-+-~~t 

Xo 

Xo = parameter 

Fig. 4 The effect of selective parameter x
0 

on the 
run- length (n) and run-sum (Sn). 

the mean of x as the x
0 

-value, and this approach 

has several advantages. Median of x may be also 
used in some cases. However, 

x
0 

= J.1. +a cr ( 1} 

with x = the est imat e of the mean J..l and s = the 
estimate of the standard deviation cr of x, and a ::: 
an elective value which represents well the various 
aspect of the base parameter. The parameter a 
determines how much x

0 
deviates from the mean in 

terms of standard deviation. One may select 
a = - 0. 2, or x

0 
= x - 0. 2s, and it represents the level 

of water supply when drought begins. T he selection 
of x

0 
may be changed with time as the demand for 

water and water use changes in a region with time. 

The selection of the central station of a 
. drought is also an important decision. This center 

usually shifts from year to year as a protracted 
continental drought goes on. When the drought is 
over, the station with the largest negative run-sum 
for given duration (run-l ength) may be considered as 
the drought 's severest point, though the center of the 
body described by isolines in fig. 3 may be quite 
removed from the station of the largest run-sum. 

9. ExamJie of analytical determination of 
properties of runs . For the time-runs in the form of 



run-length (n), it is well known that fQr a discrete 
time series one needs only to obtain the probabilities 
of x values greater than x

0 
as p, and for the lower 

values than x
0 

as q = 1 - p, and the properties of the 

run-length may be obtained regardless of the under
lying distribution of the variable x, provided it is an 
independent variable [1] . Distribution of run- length 
of s iz.e n, n = 1, 2, . . . , is given for an infinite 
population by 

n-1 f(n) = q p 

when f(n) is the probability of run-length of size n, 
with the mean 

E(n) • 1/q 

and the variance 

var n = p/qz 

(2) 

(3) 

(4) 

For a sample of size n, the values of p and q 
must be estimated by the frequencies p e = N 

1
/ N and· 

qe = N 2 / N, with N 1 number of x-values above x
0

, and 

N2 = N - N 1 the number of x - values below x
0 

(see 

fig. 5) . In tl:tis case, 

(5) 

The inherent error in f(n) is due to the limited sample 
s ize N. 

For a time dependent variable x, the above 
equations ( 2) through (5) must be revised and ex
pressed in function of various time dependence models. 

The determination of properties of the run
sum Sn is more complex. Its distribution depends on 

the distribution of x . For an independent standard 
normal variable (0, 1, 0) , --or mean zero, variance 
unity. and all autocorrelation coefficients pk (with 

X 

Xoo.o Fx) 

l 
1.0 

F{x) p ~ 

Fig. 5 To estimate by eq. (2) or eq. (5) the properties 
of run-length of discrete time series of a ran
dom independent variable of any distribution, 
the estimates of probabilities of x smaller 
than x

0 
are necessary (p, and q = 1 - p). 

k > 0) zeros -- the exact properties of run-sum are 
obtained by using their cumulants [ 2] • In the case of 
x

0 
= o (mean of standardized variables). or P"' q • 1/2, 

the mean, the variance, the third central moment, 
and the skewness coefficient of Sn are, respectively: 

E(SyJ = 4(2rr)-Yz = 1.59576, (6) 

var sn = 2.00 • 

E(S - ES ] 3 = -
1-6 - + - 8- = 5 . 2232, 

n n rr...n::i -J27r 

and 

Table t, taken from the refe renee [ 2] , gives the 
exact properties of run-sum for the independent 
standard normal variable for various values of x

0 

(7) 

(8) 

TABLE 1 

EXACT PROPERTIES OF THE RUN-SUM FOR THE INDEPENDENT STANDARD 
NORMAL VARIABLE 

X 
0 

q E[SN] Var [SN] Cs[SN] p(N, SN) 

-1.00 0 . 15866 8 .11547 59. 38017 1.991 34 0.966 
-0. 75 0 . 22664 5.02726 22.00020 1. 978 38 0 . 943 
-0. 50 o. 30854 3, 27079 8 . 97299 1. 95 301 0.908 
-0.40 0 . 34458 2. 79145 6 .44255 1.93786 0.890 
-0. 30 0 . 38209 2.40055 4 . 69334 1. 92055 0 .871 
-0.20 0.42074 2.07983 3.47846 1.89870 0.849 
-0.10 0.46017 1.81524 2.6171 3 1.87411 0.824 
-0.05 0 .48016 1. 700 33 2.28238 1.86108 0.811 

0.00 0.50000 1.59576 2.00000 1.84668 0. 798 
+0.05 0.51984 1.50002 1. 75936 1.83102 o. 784 
+0.10 0.53983 1.41271 1.55222 1.81661 0. 769 
+0. 20 0.57926 1.25921 1.22313 1. 78457 0. 739 
+0.30 0.61791 1.12989 0.99102 I. 7 3613 0. 701 
+0.40 0.65542 1,02034 0. 79406 1.71753 0.672 
+0.50 0.69146 0. 927 14 0 . 65353 1.68473 0 .636 
+0. 75 0. 77336 0 . 74826 0.42596 1.60652 0 . 546 
+1.00 o. 84134 0.62411 0.29823 1.49263 0 .455 
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between x = -1.00 and x =+ 1.00 {up to one s-tandard devia
tion plus or minus from the mean) . With the moments 
known, the approximate distributions of S for the 
various values of x may be obtained. n 

0 

There is a high correlation between the run
length and the run-sum. For x

0 
= o 

-~ p (n, Sn) = 2(211') 2 = 0. 798= 0,80 ( 10) 

a nd it increases with a decrease of x (see Table 1). 
0 

The above result s show that the analytical 
approach is feasible for simple cases, and that the 
exact properties of run-s um may be derived for 
various distributions (time dependent or time inde
pendent) of the basic variable x. 

The data generation method was used to 
derive the r:roperties of.run- sum for the independent 
standar d log- normal variables x, with the s kewness 
coefficients values 1.00 and 2.00 [2). Figure 6 gives 
the mean, the variance, and the skewness coefficient 
of run- sum as a function of q which in turn is re
lated to x

0
• Figure 7 gives frequency and cumulative 

frequency distributions for the :ildependent standard 
normal (Cs = 0) and the independent standard log-

normal (C = 1,00 and C = 2, 00) variables, obtained 
s s 

by the dat a generation method. 

The above two examples of run- length and 
run-sum properties, determined either by the ana- . 
lytical method or by the data generation method, 
point out an important approach for obtaining the 
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characteristics of droughts. Once a time series js 
properly described mathematically, either by the dis
tribution of x only, or by the distribution of x and 
the mathematical model of time dependence structure, 
the properties of runs for various parameters of x 

0 

may be determined. In complex cases of time series 
str ucture, only the data generation method is feasi
ble. Therefore, from the statistical point of view, 
it is important to obtain the best estimates of sta
tistical properties of the basic variable x, and this 
accomplished, the properties of time - runs may be 
obtained as the best estimates by the above two 
methods : the dat a generation method (in complex 
cases) and the analytical m ethod (in simple cases). 

1 O. Probability of area -runs. It is necessar y 
to fulfill one remaining condition for the computation 
of recurrence of a given area-run over a region. The 
area must be specified, and its central point defined. 
Then the data generation method may be used to obtain 
long time series at the central point. The regional 
correlation pattern between the adjacent stations is 
then used to produce time series around the central 
station by covering a sufficient number of points over 
the selected region. In this complex relationship, 
the data generation method is expected to be the only 
feasible technique in creating long series so that rare 
droughts may occur in a sufficient number and their 
probabilities assessed with sufficient accuracy. 

Similarly, assuming t he central station 
selected, and its long time series generat ed, then the 
generat ion of series of adjacent stations , with the 
area of negative runs as a variable, would determine 
a joint distribution of area-runs and area extension 
of droughts. 
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Fig. 6 Properties of run- sum for the independent standard normal variable (Cs = 0) and the independent log

normal variable (C
5 

= 1.0 and Cs = 2.0), obtained by the data generation method (Monte Carlo method): 

The mean, the variance and the skewness coefficient of Sn as function of q, for the above three values 

of C
9 

of x (C
5 

= 0; Cs " t; Cs = Z), respectively as the left, central and right graph. 
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Fig. 7 Frequency curves (left graphs) and frequency (cumulative) distributions (right graphs) 
of the run-sum Sn of the independent standard normal vari able (upper two graphs) , 

and of the independent log-normal variable (C " 1.0, two middle graphs; and C = 2.0, s s 
two lower graphs). for five values ofq (0.65, 0.50, 0.35, 0.25, 0.15) , obtained by the 
data generation method. 
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CHAPTER III 

DESCRIPTION OF DROUGHTS 

1. Data on precipitation and runoff. A large 
number of observations on precipitation and runoff in 
many large continental regions around the world i s · 
a lready available. This data, if properly assembled, 
would enable a comprehensive evaluation of droughts. 
:vlodern digital computers, advanced statistical 
methods, and m ethods of numer ical analysis m ake 
analysi s of data practical. The first s t ep in this 
an alysi s is the proper mathematical description of the 
two hydrologic processes : the det ermination of time 
series characteristics and the regional depmdence 
individually for precipitation a nd runoff. However, 
ma ny proper t ies - at least in gener al lines - ar e 
already known about these two phenomen a, and they 
will be summarized in the follo wi ng text. 

The basic properties of precipitation and run 
off have been studied in many investigations during 
the last half century. They will not be reviewed here. 
Instead, only results obtained at Colorado State 
Cni versity in the last 4-5 years will be s ummarized. 

2. Properties of series of annual p recipitation. 
t\ study of serial correlation i n series of annual 
precipitation of 1141 gaging stations in We ster n 
~orth America (with an average length of series 
of 54 years) has s hown the following res ults [ 3) ; 

( 1) The average first serial correlation 
coefficient (F

1
) of these 1 141 stations was ~ . 055. 

Assessing that the expected mean value of wdependent 
time series of the length N = 54 is E(r1) = -0.01 9, the 

differe nce is AF 
1 

= 0 . 076. The aver age values of the 

other serial correlation coefficient s (r 2 • r 3' . . . , ) 

were ve r y small, oscillating about the expected value 
of -0 .019. 

(.2) Th~ distributi.on of. r 1 ~or these 114.1 
stations 1S c lose to a stra1ght hne 1n the cart eslan
probability scales, whi ch is expected to b e the case 
for the normal distribution of r 1. 

( 3) The slope of r 
1 

- dis tribution for these 

1141 stations was nearly identical with the slope of 
1141 values of r

1 
for independent normal variables 

of the average time series length of Na = 54. 

A s tudy of serial correlation in series of 
annual precipitation of the same 1141 gaging stations 
but for the same period of observations on all s ta
tions for 30 years (1931- 1960) has shown similar 
results: 

( 1) The average valuer 1 of 1141 values of 

r 
1 

was 0.028, and the expected value for an inde

pendent ser ies of. N = 30 was E(r1) = -0 . 034. The 
difference was t.r1 = 0.062. 

(2) Th e di stribution of 1141 value s of r 1, 

and its s lope in the cartesian-probability scales were 

similar to the previous case of the average length 
of N = 54 for the same 1 141 stations. 

a 

The average values of r 1 = 0. 055 and 

r 1 0.028 in t he above two cases, and for very large 

samples of annual pr ecipitation series, show clearly 
that the time dependence of successive values of 
a nnua l precip.tation is very low, and that those 
serie s are surprisingly very close to the independent 
time series. 

Another sample of series of annual precipi 
tat ion for 4 7 3 precipitation stations i n West ern North 
America, (therefore, a total of 1141 + 47 3 = !614 
stations investigated) has been designated as non
homogeneous or with inconsistent data. Stations 
have been moved during the period of observations 
either in altitude or in horizontal position for signifi
cant di stances. T ests of non- homogeneity were m ade 
in some cases [3, pages 42-44). For these 473 
stations and for the average length of series of 
Na = 55 .5 years, the value r

1 
= 0.071 was obtained 

(versus O. 055 for the homogeneous data) . For 
N = 30 years (1931- 1960) a value r 1 = 0 .053 is ob-

tained (versus 0.028 for the homogeneous dat a) . This 
.sample shows that the non-homogeneity i n data which 
was mainly produced by manmade factors of s t ation 
relocations and systematic errors in gaging, i ncreased 
on the aver age first ser ial correlation coefficient. 
Analyt i cal study shows the sim ilar conclusions (4). 
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One can legitimately assume that, among the 114·1 
stations considered as homogeneous, many stations 
may have data which are more or less non
homogeneous. 

Therefore, the differences between the ex
pected values of r 1 and the computed mean values 

r
1 

= 0 .055 (N = 54) a nd i'\ = 0 .028 (N = 30) may partly 

b e explai ned by the inherent non-homogeneity and 
inconsistency in obser ved data. 

A conclusion may be advanced here, that for 
all practical purposes the series of annual preci pi 
tation are indepe ndent stochastic processes. A ve ry 
small average time dependence may be explaine d by 
various factors [ 3) , but it does not permit any 
significant pr edi ction of future values . If a s imple 
statistical t echnique , s uch as the serial ~orrelation, 
cannot detect any substantial persist ence in the 
sequence of annual precipitation on a large contin
e ntal area of about 1600 s t ations, there is a n ex
tr emely low pr obability that the refined stat istical 
techniques a nd the use of other r egions around the 
world and still a greate r number of stations and 
lengths of obser vations would show significantly 
different results. Scient ist s in hydrology, meteor
ology, and other connected disciplines should adjust 
their attitude s and philosophies to the fact that 
annual precipitation at a point or over an area is 
nearly an independent variable. Only statist ical 
properties of past obser vations can be used for the 
probability statements on what may occur in the future. 



3. Pro erties of series of monthl • reci itation. 
A study of monthly precipitation 5 of 21 9 precipi
tation gaging stations in the United States west of the 
Mississippi River has shown a very instructive result. 
Designating the mean monthly precipitation by m { 12 

IT 
values for each station), and the standard deviations 
s of values of each calendar month about m • it was 

T T 
shown that a high degree of proportionality exists be
tween s and m , or that C is close to a constant 

T T V 
for any given station {the newest study underway at 
Colorado State University supports further this con
clusion). Both m and s follow a periodic move-

T T 
ment, and can be approximated by the cycle of 12 
months and a couple of its s ubharmonics. The 
standardization 

x - m 
t T 

s 
'T 

where xt are observed monthly values, produces the 

second order stationary time series Yt• which is free 

of the periodic component. The study (5] demon
strated clearly that Yt variables are very close to 

independent time series. In other words, the 
stochastic components in the series of monthly pre
ci]itation are independent variables (or nearly so) . 

The atmospheric processes on the earth and 
all factors affecting them produce a periodic move
ment of precipitation within the year, and on it a pure 
random variable is superposed. The number of har
monics needed to describe mathematically this 
periodic movement and the percentage of the total 
variance of monthly precipitation which is explained 
by the periodic component, depend on the location and 
general climatic characteristics at the position and 
elevation of a particular precipitation gaging station. 
For the Western United States the explained variance 
by the periodic component of monthly precipitation 
ranged from 0-20 percent {arid and semi-arid regions) 
to 40-60 percent (the wettest region of the Northwest) . 
Therefore, the independent stochastic components 
represent a large portion of monthly precipitation 
series, especially in arid and semi -arid regions. 

In summary. monthly precipitation in the 
future can be extrapolated only for the periodic com
ponent, while for the stochastic component one can 
only make statements in the probabilities. 

4. Properties of series of annual runoff. A 
study of annual river flows of 140 gaging stations 
from several parts of the world [ 3] showed that the 
average first serial correlation coefficient was 
r 1 = 0 .1 75. By computing in an appropriate way (6) 

the effective annual precipitation (defined as the annual 
precipitation minus the annual evaporation over a 
river basin). this variable gave for 140 stations an 
average value of r 1 = 0.135 . No cycles were deter-

mined in the sequence of annual river flows and 
effective annual prec ipitation. Markov linear models 
(first and s econd order) fitted sufficiently well the 
time dependence of these two variables. The main 
explanation of these dependences lies (3] in the water· 
storage effect, or the stored water carryover in 
river basins from wet to dry years and its release 
out of a river basin e ither through runoff or through 
evaporation. 

A similar study [ 3) of annual river flow and 
.he corresponding effective annual precipitation for 

446 river gaging stations in Western North America 
has given the following values of the average first 
serial correlation coefficients: 'i\ = 0,197 for the 

annual river flow and i\ = 0.181 for the effective 

annual precijitation with the average time series 
length of Na = 37. The values are r 1 = 0. 16 3 for the 

annual river flow and i\ = 0.146 for the effective 

annual precipitation in the case N = 30 (1931-1960 
period) . Explanation for these dependences con
sistently led to the storage and carryover of water 
in river basins [3] . Similarly. as in the worldwide 
sample, no periodicities or trends were detected. 
The first and second Markov linear models were 
satisfactory mathematical models in describing these 
time dependences. 

The imJ:iication of the above two investigations 
on annual flow and annual effective precipitation is 
that the deterministic prediction of future values 
from the past observations can be made only on the 
basis of water stored in a river basin at a given 
time, but for the predominate stochastic independent 
v"-riables in the Markov models only probability 
statements can be made for future values. 

5. Properties of series of monthly r unoff. A 
study of time series of monthly runoff for 137 runoff 
stations in the United States west of the Mississippi 
River [5] showed that the series are composed of a 
periodic movement for the mean m and the standard 

'T 
deviations (with C = s /m approximately a con-

T V T T 

stant) of monthly flows , and a stochastic component 
of the first or second order Markov linear models. 
The explained variance of monthly flows by the 
periodic component { 12-month main cycle plus a 
couP,e of its subharmonics in the Fourier series 
approach of mathematical description of this com
ponent) varied [5] from 0- 50 percent around the 
Gulf of Mexico, to 50 - 90 percent in the wet region 
of the American Northwest. · 

As a conclusion, the periodic component 
and the stored water carried over in the river basins, 
which is responsible for the stochastic dependence 

'Of random component, can be used to predict deter
ministically the future monthly flows from the ob
served ones. while the independent random variable 
(the noise) will allow only the probability statement 
about the variation of the future monthly flows around 
deterministically predicted flows. 

6. Daily river flows. A study of the structure 
of time series of daily flows (7. 8] on 17 river 
gaging stations i n the United States has shown similar 
time series patterns to those obtained for the time 
series of monthly flows. The series are composed 
of periodic components of m and s (with s I rn 

T 'T 'T 'T 

approximately a constant for each station) and 
stochastic dependent components. for which the de
pendence in daily precipitation and the water carry
over in river basins determine the degree of dep-en
dence. Therefore, the same conclusions are valid 
for daily flows as for monthly flows, with the addition 
that parameters in mathematical models of com
ponents are different, and with the assertion that the 
series of daily flows contain more statistical infor
mation than the series of monthly flows [9). 

7. Relationships between extraterrestrial 
phenomena and hydrologic time series. Sunspots are 
the best known e~'traterrestrial phenomena which are 
often related to the hydrologic processes of 
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precipitation and runoff. This relatioqship was inves
tigated (10) between: (1) Wolf's monthly sunspot num 
bers and the time series of monthly precipitation of 
88 gaging stations in Western United States; ( 2} Wolf's 
annual sunspot numbers and the time series of annual 
precipitation of 174 gaging stations in Western 
United States; and (3) Wolf's annual sunspot numbers 
and the time series of annual flows of 16 river gaging 
stations in Western United States. Cross-correlo
grams. and cross-spectra have been used as techniques 
of investigation, and their average graphs were ob
tained. The conclusion is that no significant statistical 
evidence exists, either for the simultaneous corre
lation or the lag correlation, between sunspots and 
hydrologic time series. This would mean that there 
is small prospect for droughts prediction by sunspot 
fluctuations and their periodic component. 

8. Inter-station correlation in annual precipi
tation and in annual effective precipitation. A study 
of series of annual precipitation of 1141 stations in 
Western North America, and a series of annual 
effective precipitation obtained for 446 runoff gaging 
stations in the same region has shown some basic 
patterns in regional correlation of each of these two 
variables [ 11) . 

The main conclusion was that the correlation 
coefficient of a station series of annual precipitation 
or annual effective precipitation with the series of 
other stations decreases continuously with an increase 
of the distance between the two stations correlated. 
The general correl ation pattern was a bell-shaped 
space surface for the correlation coefficient ex
pressed in terms of the distance from the central 
station. The greater the distance, the closer the 
correlation coefficient is to the expected value of 
zero. 

It was also found that for all practical pur
poses, the two series of annual precipitation become 
independent among themselves if the distance between 
stations is approximately 800- 1200 miles or greater. 
There was no evidence that a second or third wave of 
significant dependence reappears beyond 1200 miles, 
though the continental area of Western North America 
was not sufficiently large to investigate this potential 
dependence. 

It was also found [ 11) that meteorologic and 
hydrologic factors which cause the inter-station 
correlations in the above two variables studied were 
not isotropic, because the isolines of equal inter
station correlation coefficients about a given point" 
were well approximated by ellipses and not by circles. 
This means that in the direction of the greater axis 
of ellipses, the correlation coefficient decreased more 
slowly with distance than it did in the direction of 
smaller axis. However, the orientations of the axes 
of maximal and minimal correlations do not afford a 
ready means of tracing the flux of atmospheric 
moisture or a means of identifying its sources. The 
inter- station correlation coefficients in annual effec
tive precipitation were on the average somewhat 
greater than those for annual precipitation. This 
must be a result of evaporation patterns. However, 
there was more variability in the correlation coef
ficient of annual effective precipitation than in that 
of annual precipitation. 

It is noticed that the large mountain barriers, 
such a.s the Rocky Mountains, have a signifi cant effect 
on regional correlation between the series of annual 
precipitation, annual effective precipitation, and 
annual runoff. The decrease of the correlation coef
ficient with the distance is more rapid than in the 

12 

adjacent plateau regions, and the elliptical patterns of 
isolines of correlation coefficient, with a consistent 
direction of maximal and minimal axes, are disrupted 
in mountains and around them. 

The above summary of results of this study 
[ 11) points out to some of the basic properties of 
large continental droughts. The high regional corre
lation among series of annual precipitation and among 
the series of annual effective precipitation (and also 
among the series of annual runoff at adjacent small 
and medium size river basins) indicate these properties : 

(a) It is impossible to get severe droughts in 
very small areas; 

(b) The average areal coverage of severe 
large continental droughts is of the order of a 
diameter of 1500- 2500 miles; 

(c) The more severe a large continental 
drought, the larger is its areal coverage; 

(d) The area covered by a drought is expect ed 
to be cl oser to an ellipse than a circle; 

(e) In high mountains the correlation is dis
rupted in several ways, but basically it decreases 
faster with distance, and directions of correlation 
axes are less subject to clear patterns. 

The regional correlation patterns enable the 
use of the data generation method for drought 
descriptionvery effectively. Once a center station 
time series of annual precipitation is generated. the 
proper use of regional correlation can be used to 
generate the time series at other stations, which will 
have the necessary correlation with the central sta
tion and several adjacent stations, plus the random 
variable added. 

9. Conditional regional probabilities of annual 
precipitation. In the study on conditional probabilities 
of occurrence of wet and dry years over a large con
tinental area [ 12]. the annual precipitation time 
series of stations in Western North America were 
used, and conditional probabilities were determined. 
Various mathematical models were fitted, and par
ticularly: independence model, exponential dependence 
model, linear dependence model, and hyperbolic 
dependence model. They produced the conditional 
probabilities as functions of distance from the central 
station, usually with two or three parameters to be 
estimated from data. The conditions under which each 
model best fits the data were determined. 

The determination of conditional probabilities 
of re~ional occurrence of wet and dry years over the 
area [ 12) reteats the results of the study on regional 
correlation [ 11] , but adds a significant contribution. 
It shows a good understanding of interrelationship 
among the series of annual precipitation in a region. 

10, Statistical versus deterministic descripJion 
of droughts. The above summary of several stu ies 
refers basically to the statistical studies of hydro
logic phenomena, which enables the computations 
necessary for the statistical description of large 
continental droughts. The physical conditions and 
various analyses of synoptic situations which are 
responsible for these droughts are less amenable to 
a rigorous analysis, both because of the lack · of 
sufficient data and because of complexity of inter
relationships. The conditions which prevail over the 
region of continental droughts and around it are easy 
to identify and eventually describe, but why those 



conditions occurred and the means to a l'!.ticipate them x 
with a sufficient time lag is not easy to deter mine, 
and outlook for such predictions is not very encourag-
ing. 

If the sequence of annual precipitation is an 
independe nt hydrologic process, or nearly so, how 
can one expect to ever predict the large continental Xo+---~-------+~..--------~-....L 
droughts of several years duration, if another inde
pendent process in the nature does not p:ecede it for 
a sufficient time lag, and is amenable to observa- ' 
tions? It is, therefore, necessary to follow the 
following three lines of investigation for the descrip
tion of large continental droughts: 

(a) Statistical description, in assigning the 
probabilities of occurrence (or frequencies, or return 
periods) of droughts for given areal extension, time 
duration, and severity of moisture deficit below the 
critical moisture level; 

(b) Physical description of synoptic situations 
of atmosphere, adjacent oceans and seas, and the con
tinental areas attacked by drought, which existed · 
during the drought, preceding and following it; and 

(c) Description by computing the interrel a 
tionships between various synoptic situations in 
search of dependences either by time lag correlations 
or by physical relationships. This l ast case is not 
only important for the description of droughts, but 
also for their explanation and eventual development of 
methods for their prediction. 

11 . Shape of drought runs. The runs of a drought 
may have various shapes. These shapes are impor
tant for water users, and it is necessary to develop 
an approximate classification of drought shapes. 
They can be referred either to time duration or to 
areal extension or to both for a given value of the 
level of critical moisture supply, x

0
• 

Referring only to the time runs, fig. 8 shows 
some of the typical shapes: a growth of deficit to its 
point of maximum and then a slow decrease to zero (1); 
an early deep deficit and then a slow decrease ( 2); 
a slow increa,se and a late high deficit ( 3); a nearly 
constant deficit (4); a time run divided into parts, 
with a start of drought, then easing and again deepen
ing (5) and (6), as a non-continuous drought. such that 
even a small posit ive run may occur between deficits. 

Thi s classification may be quite arbitrary. 
For the same values of a run- length and the corres
ponding run-sum, the probabilities 'of various ~hapes 
of time runs are not equal. The reasons are s1mple. 
The various negative deviations from x

0 
are of 

different probabilities, and some shapes are less 
likely than others. 

Similarly, shapes of areal coverage by 
droughts (shape of area limited by the isoline of zero 
deficit) may be different, and for the same areal 
coverage some shape may be more likely than others. 

Descriptions of droughts in the form of shape 
of time runs and shape of area covered by droughts 
has been done mostly by purely qualitative description. 
However, any classification of droughts by these 
shapes and by probabilities attached to them, for 
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Fig. 8 Various :shapes of drought time-runs: ( 1) slow 
growth with a slow decrease to the maximum 
water deficit; ( 2) early deep deficit and its 
slow dec rease; (3) slow increase with a late 
maximum deficit; (4) a nearly constant deficit; 
(5) time-run divided in two parts; and (6) time
run divided by a very s m all positive run. 

given properties of time runs and areal coverage. 
should be based on objective definitions, and described 
by parameters which define these shapes (variation 
about the line of the mean deficit, skewness coefficient 
about the mean time of run-length, and similar pa
rameters). How important these descriptions are 
depends on the significance of drought studies and 
their economic implications. 

12. _ Effects of droughts. The assessment of 
drought damages and consequences has the same 
characteristics as the assessment of flood damages 
and consequences. That is, there are direct and in
direct economic and social losses, with the difference 
that drought effects and damages are slow in building 
up and are persistent, while flood effects usually 
show faster time effects. 

Methodology in computing direct losses and 
estimating indirect consequences of droughts is not 
well developed, and less so than is the case with 
flood losses. Indirect effects of protracted large 
continental droughts are difficult to assess, because 
they involve large areas and many social activities. 
The chain reaction of economic and social conse
quences of a large area agricultural drought is a 
well known examp.e. 

Description of large continental droughts 
from the point of view ci various economic and social 
consequences is a prerequisite for any policy in com
bating large droughts. With time the economic 
development, the increase of population, and the 
larger pressure on the water available in a region 
will inevitably increase the economic and social con
sequences of l arge continental droughts to s uch an 
extent that the political pressure will force the design 
of policies for combating droughts. Therefore, the 
time may be appropriate for designing th e necessary 
methodology of drought description by its economic 
and social effect s as well as its psychological effects. 



CHAPTER IV 

EXPLANATION OF DROUGHTS 

I. Causal factors related to atmospheric circu
lation. The explanation of droughts depends on the 
g~neral hydrometeorologic characteristics of the region 
of drought. If the bulk of precipitation and the result
ing runoff is produced by a limited number of large 
storms, then the lack of a sufficient number of these 
storms may be the main causal factor of droughts. 
The next causal factor is the decrease in moisture 
productivity of storms. The decrease in the number 
and the productivity of precipitation producing storms 
represents the crucial causal factors of droughts 
from the hydrometeorologic point of view. 

The answers to questions as to why the num- · 
ber of storms has decreased or why their productivity 
have been diminished over a period of years represent 
the main explanation of droughts. There is a tendency 
to search for the explanation of droughts in the small 
scale e volution of atmosphere, but mainly in the 
general patterns of atmospheric circulation. This 
approach seems feasible for individual storms of 
short time periods. It is less likely to explain the 
long-range drought by finding the causal factors in 
the atmospheric cir culation. 

2. Causal factor s related to oceanic circulation. 
The distribution of cold and warm ocean areas and 
their evolution in-time , may produce .a larger time 
lag for the anticipation of the number and productivity 
of precipitation storms. There is positive correlation 
between the aver age surface sea water temperature 
west of California and the average precipitation at 
the Sierra Nevada Mountains. These causal factors 
of oceanic parameters affecting the moisture supply 
to the atmosphere are the best outlook for the ex
planation of droughts . 

The cold Atlantic s helf waters , persistently 
located east of New York and New England in the last 
six years, may partly explain the drought of the 
Northeast coast of the United States. Several other 
examples may be found where a relationship exists 
between some oceanic conditions and the moisture 
deposition over the related continental areas. 

3. Causal factors related to continental areas. 
Similarly as the occurrence of particular cold and 
warm ocean areas may precede the drought over some 

continental areas, the cold continental areas (areas 
covered by s now and ice), or very warm contine ntal 
areas, may precede or produce the occurrence of 
drought over the adjacent continental areas . The 
s now and ice covers change not only from one season 
to the next, but also from year to year. 

The negative correlation often experienced 
between the summer precipitation and summer temp
erature over cold areas may be responsible either 
for a large r etreat or a substantial advance of the 
snow and ice edges of polar regions . Once the ice 
edge advances sufficiently, the retreat to the average 
position requires time. Similarly, a retreat of ice 
edge far toward the poles because of the occurrence 
of sever al dry but warm summers requires several 
years to return to tne original position. This advance
retreat- advance process, with the feedback mechanism, 
may be the reason for large drought occurrence 
over continental areas. The explanation of droughts 
may well be searched for in the above and some other 
similar continental stochastic phenomena. 
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4. Research needs for explanation of droughts. 
Several lar ge continental droughts have been already 
observed in the last 50-70 years, which can be the 
basis for attempting their explanations, such as: the 
large mid- west drought of 1930's, especially i n the 
Missouri River Basin, the recent 6 years long drought 
of the United States Northeast, and others. This 
research may be hampered by lack of sufficient infor
mation on atmospheric, oceanic and continental causal 
factors of these droughts. However, some infor
mation, at least rudimentary, is available on the po
tential causal factors so that the research attempts 
for the discovery of appropriate relationships are 
warranted. 

It should be noticed that the investigations 
for drought descriptions, as outlined in the previous 
chapter, and those for the explanation of droughts, 
as described in this chapter, are overlapping if not 
identical in many aspects. The explanation of droughts 
is mainly related to the physical interrelationships of 
the cause-effect type, while the description of droughts 
encompasses both the statistical and deterministic 
characteristics. 



CHAPTER V 

PREDICTION OF LARGE CONTINENTAL DROUGHTS 

1. Complexity of the problem of prediction. As 
previously emphasized, the predominately random 
character of series of annual precipitation, annual 
effective precipitation and annual runoff does not 
give any promising outlook for the auto-prediction 
of droughts. Auto-prediction is defined here as the 
extrapolation of patterns of past observations to pre
dict uniquely (not in probability terms) the future 
annual values, an approach which seems definitely 
ruled out by the present knowledge of the structure of 
hydrologic time series. In the case of monthly and 
daily values, the periodic components of time series 
and that part of the stochastic component which de
pends on the water already stored in river basins can 
be anticipated with sufficient accuracy. However, 
the auto-prediction approach cannot yield any unique 
value for the independent variable of the stochastic 
component. 

The other approach to drought prediction is 
the sea rch for those factors , usually of the same 
structure of time series as the related p recipitation 
and runoff, which precede the occurrence of precipi
tation and runoff. Of particular interest are those 
factors which have the longest time lag preceding the 
resulting hydrologic phenomena. The problem is 
complex because the search for this kind of preceding 
factors requires a tremendous amount of basic data. 

2. A meaningful approach to predictions of large 
continent al droughts. The comparison of successive 
synoptic situatio..ns of oceanic conditions affecting the 
water cycle and the precipitation synoptic situations 
over the large continental areas is likely to be the 
first reasonable step in producing meaningful relation
ships involving the time lags between these synoptic 
situations. The refining approach would come in the 
second stage, when the air-water interface phenomena 
over the oceans and the general patterns (especially 
the prevailing winds) of atmospheric circulation 
would be added. 
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This approach requires a tremendous amount 
of data on oceanic surfaces and on continental pre
cipitation situations in the first phase of analysis, 
and even more data as soon as the atmospheric cir
culation is added in the second phase of analysis. 
This search for relationships between various synoptic 
situations, with the expected time lags for one situa
tion preceding the other, becomes the only hope for 
a long-range prediction of droughts. 

The basic differences between the approach 
advocated in this chapter and current approaches for 
~eneral weather prediction are obvious. The 
'weather-watch" and similar programs are based on 

the iqea that the integration of dynamic equations of 
atmosphere, with a sufficient number of observation 
points capable of defining the initial and boundary 
conditions, will result in the weather prediction of a 
significant time span. The more points of atmos
pheric conditions that are observed and the more 
powerful computers that are used, the better and 
longer prediction is expected. The present expecta
tion of weather prediction by this approach is likely 
to be much greater than the final realization of its 
capabilities. The reason is simple. · The phenomena 
of turbulence and various types of medium or large 
scale vorticities are predominant factors in the 
atmospheric circulation and are governed by the laws 
of probability. They are not easily subject to deter
ministic prediction. One should be able to see the 
natural limits of deterministic prediction in atmos
pheric circulation, and particularly of phenomena 
which affect the long-range prediction of- precipitation. 
It can be claimed, with many valid arguments, that the 
"weather-watch" is not likely to produce any sub
stantial contribution to drought prediction. , Therefore, 
the approach advanced here of first looking ' into the 
time lags between synoptic situations of oceans and 
the synoptic situations of continental precipitation 
warrants a fair trial. 



CHAPTER VI 

MEASURES FOR COMBATING LARGE DROUGHTS 

l. En~ineering measures. The alleviation or 
substantiardecrease of the adverse effects of large 
continental droughts is a problem for which the prope.r 
answers have not yet been found. The three basic 
alternatives are : 

(a) Reduce the consumption of water by the 
appropriate economic and engineering criteria during 
any severe drought; 

(b) Implement the drought contingency plans 
with additional water supply from available sources; 
and 

(c) Provide improvised supply lines by tem
porary structures, and use either the transfer of 
water from distant regions or the previously untapped 
stored water in economically marginal storage spaces. 

Combinations of these three alternatives 
usually result in the most economic solution. Reduc
tion in consumption is the easiest to suggest though the 
least attractive from the aspects of social and politi
cal implications and pressures. It is a fact of life 
that neither a region, nor a large city or a group of 
cities. nor entire states have contingency plans for 
combating drought. Planning these contingency 
measures is not expensive. Small investments 
through the years into water systems which are al
ready available, according to these contingency plans, 
may result in a substantial reduction of drought effects. 
The phychologi c factors are important. Funds for 
serious studies of floods and droughts and for the 
planning and even-investment to fight their effects are 
usually available when the serious events have already 
occurred. Cuts in these funds are proportional to 
the time elapsed from the occurrence of these extreme 
events. Contingency plans are very rarely finished. 
and if completed, their major recommendations and 
requirements are s lowly implemented. The impro
vised solutions for water supplies from the sources 
available around the area stricken by a drought are 
rather a rule than an exception. It is normal to ex
pect that any improvisation will have higher cost or 
smaller yield for the same effect than any planned 
measure by the drought contingency plans. 

z. Transfer of water at large distances by the 
shifting method. The implementation of the concept 
of water transfer from one region to the next, in a 
shifting pattern similar to the shifting of electric 
power over long distances, merits a thorough, investi
gation. The concept is illustrated in fig. 9 as a 
schematic example. Area E. assumed to be drought 
stricken, would be supplied by a quantity of water W 
from the area A, which would have a sufficient 
water s urplus during the drought in area E. The 
distance between A and E would be of the order 
of 1000-1500 miles, and the more severe a drought, 
the greater would be that distance. Several routes 
of water shifts are available, and t wo routes are 
schematically shown in fig. 9. 
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Fig. 9 A conception of supplying water deficit to 
drought-stricken area (E) from the water 
surplus area (A) by the method of local shifts 
of water from one sub- area to another. 

This concept would not require any water 
from the areas B, C, and D, but might require the 
supply of a part of each of those areas by the water 
from the adjacent area and the transfer of the same 
amount from its other parts to the next area. Areas 
B, C, and D would only help the general transfer 
from A to E, by using the advantages of the topo
graphy, the feasibility of water distribution between 
sub-areas, the elevation and the available conveyance 
facilities in areas B, C, and D. 

To implement such a concept a network of 
water conveyance structures should cover, in the 
appropriate way a large continental area, as electric 
transmission lines or gas transmission pipes now 
cover the similar area. This concept may prove, 
in the long run, to be the most economical way for 
combating droughts on a large subcontinental scale. 
One would expect, with good reason, that very care 
ful planning and a long-term investment policy are 
necessary in order to accomplish this goaL The 
basic problem lies with the objectives and principles 
of every substantial project of water resources 
planning and development. The single purpose project 
gave way to multipurpose water resources projects. 
Economy forced this transition. The multipurpose 
project gave and is currently giving way to river 
basin integrated water resources planning. This con
cept in turn must give way to large regional and 
inter-regional water resources planning. Besides 
the forthcoming water shortages of many areas, the 
ever-impending threat of drought will be the stimu
lating factor which will force this large continental 
water resource planning. It will then be much more 
feasible to accomplish the task of providing a grid 
of interconnected water conveyances over a large 
area over a period of several decades. 

If large and severe continental droughts have 
recurrence intervals of a couple of decades, the 
planning and carry1ng out of i nvestments of contingency 



plans for drought combat on this large scale should 
also allow decades for implementation. There is 
another important point in this alternative. If prop
erly designed conveyance structures to be run under 
water pressure (tunnels, pipes) were available, the 
use of auxiliary pumping plants, --which may be 
movable as the emergency equipment- - , might tem 
porarily increase their capacities in the case of 
droughts. Several other engineering concepts may 
well be incorporated into plans for drought emergen: 
cies. 

Proposals of large- scale and long- distance 
water diversions have been advanced for the North 
American continent in recent years. They usually 
emphasize only the benefits of the average water 
diversion. Their role in stabilizing the water supply 
by their potential of emergency water supply to 
drought -stricken but normally self- sufficient areas 
along and adjacent to the routes of diversion is less 
advocated. Yet that role may substantially add to the 
feasibility of proposed projects. 

3. Drought insurance. To develop any sound 
long-range policy of combating drought consequences 
on the basis of drought insurance, either by public 
or by private institutions or by both simultaneously, 
much more should be known about the droughts, and 
particularly about their recurrence, potentials for 
prediction and various alternatives for combating the 
drought. Similarly as for the problem of flood 
insurance, central public authority is the last resort 

· for the coverage of drought losses. Uncertainties 
involved in the knowledge available on floods and 
droughts have always been limiting factors in any 
conventional insurance approach against their con
sequences. 
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It should be expected that any systematic re
search which could contribute to the understanding of 
various facets of large continental droughts would 
unavoidably lead to new policies in drought insurance, 
both by public or -private institutions. 
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