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FOREWORD 

The two major drought control measur es external to 
water users have been water flow regulation and water 
transfer from water surplus areas to water deficient 
and drought pr one areas. Both approaches are under 
severe criticism at present. Surface water storage is 
being questioned because of the inundation of valuable 
l ands, scenic areas , nat ur al wonders and wildlife ha
bit ats . Underground storage is being over-used by ex
cessive withdra1vals . The transfer of surplus water from 
one area to another faces opposit ion on the grounds 
that it will be needed for local developments within 
the next generation or two. These two basic measures, 
therefore, are critically eval uated at present in many 
cases, i n the light of related drought control and wa
ter shortage aspects, and under t he particular econo
mic, social and environmental conditions. Besides , ec
onomic sit es for 1;ater storage are exhaustibl e 1d th 
time, while t he surpl us water available for transfer 
steadily decreases as water development progresses in 
the areas having the surplus . 

Evaluation of basic approaches to important water 
resources probl ems is necessary from time to time . 
Groups of special ist s f or water r esources planning,de
sign and operat ion build philosophies of attack and 
develop the corresponding technologies at a giventime. 
When social conditions and goals change, both philoso
phies and resulting t echnol ogies for sol ving water re
sources problems may become obsolete . The inert ia of 
the past is often so strong that special investigat ions 
are needed to discover discrepancies bet1veen the past 
and the present, or pending discrepancies between the 
present and the future . All t his may be pertinent for 
classical approaches to drought control measures , na
me l y with the long-term water regulation and the long
dist ance uni-dir ectional water transfer. 

It is most likely that future solutions ofdrought 
problems will r equire a set of well int egrat ed measures 
rather than only one particular measure, as often 
practiced . It is also likely that the concept of sol
ving drought probl ems "once and for all" by a one-sided 
measure will prove to be neither an economic nor 
a permanent solution . Drought control measures are 
ei t her external or internal to water users, and both 
must be considered in finding an optimal set of 
measures. 

The planning of various water resource projects 
most often does not readily take i nto account the con
trol of droughts of severe proportions . Present or 
future water resources projects could increase the 
drought control i f conditions are left for economic 
modifications or additions. Investigation of all tech
nologic drought control measures may well help in the 
identifi cation of those modif ications and aaditions 
which wil l tend to minimi ze future severe drought 
consequences . 

Nany water resource planners oft en demonst rate the 
attitude that water is a cheap commodity 1~hich docs not 
warrant or justify a lar ge regional grid of inter 
change conveyance structures . This attitude may have 
been a feasible approach in the initial stages of wa
ter r esource development, when t he individual 1~ater 

resource systems were very far apart . However,with the 
development of large metropolitan areas, or even the 
megalopolis-t ype of regions (e. g .- U.S . East Coast f rom 
Boston to Washington, D. C. },individual '"ater resource 
systems have spread so much that they have approached 
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each other . Besides, ivater becomes an expensive com
modity,because of increased pressure on all the avail
able water r esources, and therefore interconnections 
and water exchanges may become a feasib l e alterna
t ive for drought control. 

The transfer of water over large distances by 
shifting it from one area to another is ~~orthy of in
vestigation, as i t i s usually with shifting the elec
tric power from surpl us to defici t areas over the in
termediate areas, and for a given time interval. A re
gional or national grid of water conveyance structures 
might be the ul t imate goal for water resource use and 
development . This may be compared to other grids which 
cover any developed region, such as a grid of electric 
power transmissi on l i nes , or a gr id of gas l i nes. 

Many water resource systems , composed of storage 
capacltles, conveyance structures, electricity genera
ting or water pumping pl ants, water treatment plants , 
etc., are a lready highly developed . The major effort 
in the past has been in transferring water from areas 
of water surplus to areas of water deficit by consid
er ing t he average water yield . Tl;o wat er r esource sys
tems are rarely interconnected for the purpose of in
terchanging water in both directions. The economic 
feasibi l ity of i nterconnecting adjacent water r esource 
systems, for the purpose of drought control by convey
ance structures under pressure for two-way f1o1; ,may be 
ful fil l ed in particular cases at present. It might be 
more useful in the future. A methodology for investi
gating the feasibility of interconnection of two or 
more adjacent lvater r esources syst ems is needed . 

This paper by Dr. Kuniyoshi Takeuchi mainly 
investigates the properties of water interchange be
tween the water resources systems by using the bi
directional flow conveyance structures. It is part of 
a cont i nuous effort of the graduate and research pro-· 
gram in hydrology and water resources in the Depart
ment of Civil Engineering at Col orado State Univer sity, 
to investigate various aspects of droughts, particu
larly drought control measures. Dr. K. Takeuchi, in 
the capacity of the post-doctoral fel l ow and research 
associate at Colorado State Universi t y from May 1 ,1971 
through December 31, 1972 was associated with the re
search projects on droughts and on t he application of 
stochast ic processes in water r esources, sponsored by 
the National Science Foundation . His research on ~~a
t er exchanges by interconnecting systems may be con
sidered as a \vorthy attempt to develop a methodol ogy of 
measuring the physical aspects , and then based on 
these results, the economic aspects of interconnecting 
1~ater resources systems . Expect ations are that both, 
t he theoretical analysis and the practical testing of 
methods developed, \vill focus on the importance , poten
tial and limita t ions of this third most i mportant ap
proach (besides water regulation and uni-directional wa
ter transf er) in the form of interconnection of 1vat er 
resources syst ems over large distances for drought 
control, as a measure to external water users 1-1ho are 
subject to drought risks. 

November 1974 
Vuj i ca Yevjevicn 
Professor-in-Charge 
Hydrology and Water Resources Program 
Department of Civil Engineering 
Colorado State University 
Fort Collins, Colorado 
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ABSTRACT 

The hydrol ogic; geographic , engineering , socio
economic and other feasibil i t y conditions are i nvesti
gat ed for the concept of r egional water exchanges . As 
a drought a l l eviation alternative, it is determined 
that regional water exchanges, using a bi-directional 
pipe-line networks ,have some advantages over the other 
drought al l eviation measur es, external to users . The 
exchange systems have the advantage of being free from 
inter-regional controver s i es commonly invol ved with the 
uni-directi onal water t ransfer. 1ne partial substitu
tion for the required storage capacity is importantad
vantage of exchange systems . To measure the magnitude 
of this effect , a~, the maximum reduction r atio of the 

sum of ranges , is introduced and its implication and 
practical use ar e demonstrated using the river basin 
systems of the Central West part of the United States 
as a case s t udy. 

v 



CHAPTER 1 

INTRODUCTIO 

1.1 Obiectivo 

The general objective of this study is to examine 
the physical and socio-economic feasibilit y of the re
gional water-exchange concept as an alternative to all 
other current alternatives in alleviating drough); prob
lems. Here , a regional lvater exchange is defined as 
the exchange of water bet1~een areas experiencing water 
surplus and areas experiencing 1vat er deficit by using 
the i nter-regional 1,•ater transmission networks made up 
of bi-directional conveyance structures under pressure. 

The need for t his study is based on the following 
recognitions: 

(1) The regional water-exchange concept is rel
atively neglected by the water resources planners , and 
its practica l i mplications have not been intensively 
investigated. 

(2) The need for broadening the spectrum of a l 
ternatives for drought alleviation is quite prominent 
since some of the currently used alternatives, such as 
water storage and uni-directional water transfer, are 
subject t o var ious socio-polit ical and environmental 
criticisms . 

(3) Since the water demand , socio- economic, po
litical and other conditions change in an area 1vi th 
time, a concept, previously either negl ected or found 
economically unacceptable, may become presently a fea
sible measure . Therefore, the acceptance of the ap
parent intuitive j udgment that regional water exchange 
is t oo costly or too far remote f rom reality·may not 
be a sound approach . 

Despite the advancement of science and technology 
and t heir applications to both engineering and econo
mics of water resources development, t he threat of 
drought is still one of the major problems not only in 
water-shortage areas, but al so in water rich areas, 
both in moderately developed and highly developed 
areas . The pace. of advancement of science and tech
nology, and especial ly t he pace of t heir applications 
to actual problems, which r equi r es large i nvestments , 
is not sufficiently rapid in meeting the growing 
water needs . Even if t he advancement of science and 
the investments are sufficient t o keep up with the 
gro1dng water demands, the susceptibi l i.ty of wat er re
source systems to droughts increases with the demand 
pressure on t he available water . 

In gener a l, as water resources syst ems become 
more devel oped and a society rel ies more and more on 
the already developed water supply sys~ems , the conse
quences of droughts increase i n severi t y with time. As 
a society grm,·s and becomes more productive, the so
ciety ' s willingness to pay t o guard against t he haz
ards of drought also increases , because it can afford 
to pay for the protection and cannot afford to suffer 
t he drought losses of highly productive operations and 
activities . 

In addition to changes in a societ y ' s internal 
conditions regar ding the adoption of a partiClllar 
drought alleviation measur e , the external conditions 
governing the t ypes of measures that the soci ety may 
choose from ,a lso change over the time. For instance, 
environmental issues and regional planni ng of develop
ment may make certain drought alleviation measures 

such as the construction of large storage r eservoir s 
or uni -directional interstate t ransf er channels , less 
desirable. 

Based on the fact that a greater effort i s requir
ed to guard against the hazards of drought and t he f act 
that t he society ' s i nternal and ext ernal conditions, 
governing the choice of drought allevi ation measures , 
change with time, this study examines the conditions 
under 1\•hich the concept of regional water exchang,~ may 
become f easible. 

The three specific objectives of this paper arc: 

(1) To invest igate the specific characteris
tics of the regiona.l water-exchange concept, in terms 
of i t s hydrol ogic, engineering, economic and politi cal 
i mplications . 

(2) To examine the effectiveness of regional 
water exchange relat ive to other drought alleviation 
measures , such as uni-directional water t r ans for, 1vater 
storage and drought insurance. 

(3) T-o establish a measure fo1· evaluat ing tho 
effectiveness -of regional water exchanges, which , by 
considering the hydrologic conditions of the regions 
i nvolved, may be used to assess the desirability of 
a proposed regional water exchange . 

1. 2 !<lethodology and Procedures 

The basic methodology adopted for the first spe
cific objective is a comparative study of various 
drought al levi ation alternatives . Not onl y their phy
sical ef fectiveness upon a water-deficit si t uation , 
but al so their engineering, socio-economic, political 
and other aspects are considered as a basis of compari
son. By a comparat ive study, it is expected that some 
of the unique characteristics of the regional water
exchange concept wi ll be better understood. 

'The methodology adopted to accomplish the second 
specific obj ect ive is a . cost-effecti vencss study . In
stead of est i mating the actual costs required for the 
accomplishment of a given objective, a set of concep
tual cost- effectiveness contour maps for the major al
ternative meas ures are drawn with the abscissae being 
the regional variance and covariance of the differ
ences between water supply and demand. 

The methodology for the third specific objective 
involves the introduction of a ne1v concept, the sum of 
ranges of multi ple streamflO\\'S. This concept is an 
ext ention of range concept as defined for a single 
stream into the range of multiple streamflows. The 
range concept is chosen as a measure of t he effective
ness of a r egional water exchange since t he . most i m
portant and attractive advantage of a r egional wat er 
exchange i s its partial substitution for storage capa
city, and also since the magnitude of th is substitu
t ion effect can be quantit atively measured in t erms of 
a change i n the range . The practical u~e of this mea
sure i s demonstrated t hrough a hypothetical case study 
in the Central West of the United States. 

The following is a discussion of the stepwise pro
cedure taken in t his paper, with each step formi ng a 
chapter . In Chapter 2 drought is precisely defined in 



a manner that allows a drought to be objectively inves
tigated. After a brief review of the literature on 
drought definitions, a set of definitions are selected 
which do not violate t he widely accepted common sense 
connotations associated with drought. These defini
tions then serve as the basic tools for an objective 
discussion of drought problems. 

In Chapter 3, various alternative measures of al
leviating drought problems are critically examined in 
order to point out under what conditions these alter
native measures are eit her feasible or infeasible of 
all eviating drought problems. This survey leads to the 
finding that some measures are more reliable than 
others . At this point, the more reliab le , large-scale 
measures are selected for further comparison with the 
regional water- exchange measure. One of these major 
measures is a drought insurance program which is based 
on a statistical principle similar to that of the re
gional water exchange . In Chapter 4, the problems in
volved with a drought i nsurance program ar e investi
gated. This step is necessary not because of the sim
ilarity between the drought insurance programs and the 
regional water exchanges, but rather because drought 
insurance is complicated by a number of uniqueproblems. 

2 

In Chapter 5, the regional water-exchange concept 
is examined in depth in terms of its geographical, 
hydrologic and engineering requirements , and socio
political implications. In Chapter 6, the cost
effectiveness analyses are applied to four of the 
major drought . alleviation measures: uni-directional~a
ter transfer, water storage ,drought insurance and re
gional water exchange. The conceptual cost-effecti ve
ness contour maps are drawn ·to, show the effectiveness 
of each of these measures under varying characteristi~ 
of regional water supply-demand imbalances. 

As an effectiveness measure for a regional water 
exchange, a reduction ratio of the sum of ranges 
is selected and then defined in mathematical terms in 
Chapter 7. In order to maximize the effectiveness of 
a regional water-exchange system, the optimal control 
rule for the system is analytically determined inChap
ter 8 under the assumption of unlimited capacity for 
each of the exchange pipelines or ot her conveyance 
st ructures under pressure. 

In Chapter 9 t he use of the efficiency measure 
selected in Chapter 7 is illustrated by giving a case 
study using the Central West of the United States as an 
example . 



CHAPTER 2 

DROUGHT DEFINITIONS 

This chapter examines some of the major existing 
drought definitions and sets forth a set of consistent 
and refined definitions for drought and t he droughtre 
lated concepts. Although the application of these def
initions is not the purpose of the latter chapters of 
this paper, the definitions wi ll aid in t he understand
i ng of those chapters . The main purpose for developing 
the definitions is to form a concret e basis for future 
rigorous and objective discussions . 

2.1 Review of Existing Drought Definitions 

Drought definitions differ greatl y according t o 
one's interest . For meteorol ogists, the magnitude and 
duration associated with subnormal precipitation are 
of major concern. For agronomists, a drought does not 
occur until the soil moisture is reduced to a point 
where the conditions become detrimental to plants. Hy
drol ogists , on t he other hand , vie1; drought as subnor
mal streamflows, lake surface elevations, ground water 
l evels and the like . For peopl e l iving in urban area~ 
a drought is i ndicated by reduced level s in storage 
reservoirs for water supply. Definitions discussed in 
this section are limited to those which are, to some 
extent, comprehensive in their scope . 

Since a drought is often defined by some indicat or 
of t he severity associated with a wat er dcficiency,the 
t erms "drought definition" and "drought ( or water 
shortage) indicator" are considered to be interchange
able . 

Palmer (1965), on the basis of earlier work' done 
by C. W. Thornthwaite (1948), proposed a drought indi
cator, based on soil moisture excess and deficit,which 
is often referred to as the Palmer Drought Index or 
simply th~ Palmer Index . This index measures the ef
fect of abnormal precipitation on soil moisture, or in 
the author's own words, provides "meaningful measures 
of departure of the moisture aspect of the weather from 
normal" .(Palmer, 1965: p.lS). The first step in com
puting the value of this index for a particular area is 
to measure the pot ential moisture recharge t o the soil 
and the potential evapotranspiration, runoff, and loss 
from. the soil in that area at the time in question . The 
amount of precipitation necessary to maintain norma"! 
soil conditions is then computed, where the normal 
cond.i tions are predetermined for the area and t ime on 
the basis of a hydrologic accounting of soil moisture 
by months over a l ong series of years . The resultant 
amount of necessary precipitation i s called the "cli
matically appropriate preci pitation for existing cond
itions ," denoted by P . The discrepancy d of the 
actual precipitation from the precipitation P is an 
indication of whether t here is an excess or deficit in 
the precipitation from that needed to maintain normal 
soil conditi ons . The last step in computing the Palm~ 
Inde·x is t o convert this physical value d into a 
regional severity index z by multiplying it by a 
coefficient representi ng the regional resistance to 
drought . The coefficient is empirical ly determined ac
cording to the area' s past drought history . The value 
z i s then the Palmer Index . Depending on the negative 
matnitude of z , a meteorological drought mar then be 
def ine.d as mild , moderate, severe or extreme. 
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The approach taken by Palmer f or defining drought 
has two import ant i mplications. One is that the imbal
ance between water supply and water demand is the key 
to defining droughts . The other is that t he severit y 
of a drought depends not only on the area's water de 
ficit, but also the region' s drought resistance ·charac
teristics . The first implicat ion is also stressed in 
the following two def ini tions . 

Yevjevi ch (1967) has proposed an objective ap
proach for defining drought. Unlike Palmer,who:consid
ered only the soil moisture aspect, Yevjevich co11siders 
all hydrologic fact ors involved, such as ef fective 
precipitation (precipitation minus evaporation) , sur
face runoff, and all sources of stored wate~. He then 
considers the crossing properties of the time sequen
ces for water supply and water demand in terms of neg
ative r un sum and negative run length. By consideri ng 
these properties, a drought can be measured for any hyd
rologic phenomena without resortingo to subjective 
judgments , provided t hat the water supply and water 
demand in sequences are measurable. It has , however, 
not been shown how the various water supply clements, 
such as groundwater, streamflow, precipitation, etc., 
can be comput ed i nto a single value representing water 
supply. The actual appl ications are thus far limi ted 
to time series involving streamflow with a constant 
seasonal truncation level. This is, neverthel ess a 
r ealistic approach for measuring the severity of 
droughts for areas which depend mainly upon streamflow 
for t heir wat er supply. 

Another i mportant proposal made by Yevjevich (l972: 
p . 178) was "to combine the rel ationship between two or 
more regions ' drought situations . He suggested theuse 
of the joint properties of the regions ' run sums and 
run lengths as inter-regional drought indicators . Al
though , thus far , applied only to streamflow in two re
gions , its basic intention is to be expanded to include 
a more general si tuation. 

As an indicator of the severity of a water short
age, Russell et al. (1970) proposed a ratio of the 
projected demand D minus V , the normal supply 
minus emergency supply, to the projected demand D, 
i . e . the percentage shortage index S =(D-V) · lOO/D . 
Per capita demand for this method is projected using a 
regression function esti mat ed by observations made 
during pr evious non-shortage years . Time, a weather 
index (Palmer Index), and industrial employment are 
considered as arguments for the r egression function. 
Furthermore, the demand D and normal supply V are 
then divided by the sy~tem's safe yield l evel SY 
which is determined f rom t he most severe water shortage 
experienced in t he r egion' s r ecorded hist ory. There 
sultant values are called "chosen level of sys t em in
adequacy" (a= D/SY) and "percentage of the safe yield 
level normally available without emergency supply" 
(~* = V/SY) . Using these relationships , the e quation 
for the shortage index becomes S = (a-a*) ·l OO/a , and 
may then be plott ed against the system i nadequacylevel 
a . Obviously, .as the system inadequacy becomes l ar 
ger, more frequent and more severe shortages will be 
expected . 



Russell's approach is the most general among the 
three mentioned in the sense that water supply and de
mand are measured not 1~ith respect to streamflow,water 
short~ges , or soil moisture, but as regional totals. 
This approach may be consi dered to be the most prac
tical approach when regional water supply and demand 
imbal ances are of major concern. This is thesituation 
found in this paper. 

In summary, each individual has his own particu
lar interest in a di fferent aspect concerning droughts: 
Palmer chooses a soil moisture aspect; Yevjevich fo
cuses on the crossing properties of hydrologic time 
series; and Russell considers the total r egional water 
balance . However, there is one conunon concept behind 
each of these. That is , a drought should be consider
ed as a function of the difference between water sup
ply and demand. This implies t hat i n an area where no 
water demand exists there cannot be a drought, no mat
ter what t he met eorological conditions are . In accor
dance with this concept, the next section i ntends to 
refine the def initions of various terms relat i ng to 
drought such as water supply, demand, drought, and 
water shortage . 

2 .2 Basic TermiAology 

In the existing definitions of drought, the dif
ference between water supply and water demand plays the 
key role. However, what is meant by the terms watersup· 
ply and water demand is not very precise. The di ffer
ence between dr ought and water shortage is also vague. 
The purpose of' this section is to establ ish a consis
tent and precise ter mi nology related to droughts,which 
will be followed in the next sect ion by the defini
tions fer the conditions of drought and watershortage . 

(1) Water demand is that amount of water neces
sary for satisfying man's activities , which includes 
water not only for man' s physical and economic needs, 
but also for t he environmental, ecological and cultu
ral needs which have benefits to man but not necessa
r ily measured as tangible benefits. 

(2) Established water demand in a region i at 
time t , denoted by D est. (i, t) , is t hat water demand 

which is expected and relied upon by the people in the 
region at that time. Since this portion of the total 
water demand is expected and relied upon by the people, 
it is presumed , not only t hat there are facilities to 
utilize this quanti ty of water when it is available, 
but also, that there will be losses experienced if it 
is not suppl ied . However, even if t he water-use sys
t em has the capacity t o utilize additional water, it is 
not included in the established demand unless it is 
presently expected and relied upon. For i nstance ,anown· 
er of a garden in a semi-arid region may be ready t o 
sprinkle a large quantity of water on t he garden ~~hen
ever the water is availabl e . Since he knows through ex
per ience that the garden's water needs cannot as arule 
be met always,he does not expect that sufficientamount 
of water to be available for the gar den all the t i me . 
In t his case, even t hough he suffers occasionally f rom 
withered plants, the losses are expected and as such 
are considered a port ion of the operating cost of the 
garden. Therefore, the possible water use in a system 
is not necessarily the established water demand . 

(3) Potential water demand in a region i at 
time t , denoted by D t (i,t) , is that water depo . 
mand in the region at that t ime which is not expected 
or relied upon, but in addition to the established 
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water demand, would become a portion of theestablished 
water demand i £ addi t ional water was available. Bythis 
definition, i t is clear that once additional water be
comes available, and is utilized , then that additional 
portion uti lized is immediately · a part of the . estab
l i shed water demand . Thus, the established 1~ater de
mand is somewha t a function of the avai labil ity of wa
ter . Accordingly, the potential water demand i s also 
a function of t he availability of 1~ater. Using the 
same example stated above, once the water 1~hich was not 
expected or relied upon, becomes available for use in 
the garden, and the garden owner utili zes i t and begins 
to rely upon it , then this portion of the potential 
water demand has been activat ed and transformed i nto 
an established water demand . Thus , the total poten
tial water demand would be reduced and the total es
tabli shed water demand woul d be increased by this 
amount. 

( 4) Actual 1vater use in a region i at time t, 
denoted by Uact. (i, t) , is that amount of water which 

is actually utilized in the region at that time. The 
actual water use, Uact . (i,t) , is not necessarily eq-

ual to t he establ1shee1 water demand if t he supply is 
not ample to meet the established water demand, other
wise it will equal the established water demand.There
fore, the following i nequality always holds : 

Uact . (i,t) ~ Dest. (i,t) (2 .1) 

(5) Water supply is that amount of water avail 
ab le f or satisfying man' s activities. 

(6) Deve loped 1vater supply in a region i at 
time t ' denoted by sdev . (i ,t) ' is that water supply 

which has already been develop·ed and can be provided 
in the region at that time through the exist ing faci 
lities with the existing water supply- system opera
tional rules imposed . Since any amount of water ex
ceeding the devel oped water supply will not be utiliz
ed , the fol l owing relationship always holds: 

uact . (i,t) ~ sdev. (i ,t) 

(7) Potantial water supply in i at time t, 
denoted by S (i,t) , is that water in the region pot . 
at that t i me "''hich is not yet developed or usable 1vi th 
exist ing faci l ities, but which can be utilized by fur
t her devel opment of the water sour ces or byenlargement 
of the water acquisition and distribution facilities . 

(8) \~ater supply-demand imbal ance i n a region i 
at t i me t , denoted by Imb. (i,t) , is equal to t he 
establi.shed water demand subtracted from the developed 
water supply in the region at that time; namely, 

Imb. (i,t) Sdev. (i,t) - Dest. (i,t) (2. 3) 

In case of Imb.(i ,t) being negative, that is the es
tabl ished water demand exceeding the developed water 
supply . the imbalance is called water deficit and, 
conversely,in case of Imb . (i,t) being positive, t hat 
is ,the established water demand being l ess than the dev
veloped water supply, the imbalance is called water 
surplus. 

It must be noted that Dest. (i,t), Sdev . (i ,t). , 



Dpot . (i,t), Spot. (i,t), Uact. (i,t) and Imb. (i ,t) are 

the realizations of random events, each of which occur 
according to its respective probability distribution. 
Such randomness is ~ consequence of many factors. For 
instance, the established water demand is a function of 
weather conditions, availability of water and many of 
the conditions associated with man's activities. The 
developed water supply is a function of precipitation, 
streamflow, groundwater, conditions involvingwatersup
pl y facilities, and the operational rules applied to 
the operation of the water supply system. 

2.3 Definitions of Drought and Water Shortage 

Using the terminology developed in the previous 
section, the concepts of drought and water storage are 
now rigorously defined. 

A drought exists in a region i at time t if 
a water deficit exists in the region at that t i me; . na
mely, the condition of drought existence is satisfied 
if 

Sdev . (i,t) < Dest. (i,t) (2.4) 

Whenever the developed water supply is less than the 
established water demand, the developed water ·supply 
is .always used completely, and therefore, the actua.l 
water use equals the developed water supply; namely, 

ua t (i,t) • sd v (i,t), if condition (2 .4 ) holds. 
c . e . (2 . 5) 

By this relation, condition (2 .4) is equivalent to 

Uact. (i,t) < Dest. (i,t) (2.6) 

The definition given above implies that, when
ever the amount of water which has been expected and 
relied upon for use in any of man's activities cannot 
be met for some reason, a drought condition is estab
lished. This definition eliminates the role ofsubjec
tive judgment as much as possible in determing drought 
situations. Subjectivit y comes in, to a substantial 
extent, only in making the decision of whether people 
have expected and relied upon or have merely desired a 
certain quantity of water. This degree of subjectivity 
is considered inevitable regardless of what definition 
is chosen. However, since even a very minor water de
ficit is categorized as a drought, the common sense 
feeling that a drought is an extraordinary phenomenon 
seems to be violated . This definition takes the posi
tion in this matter that any water deficit is of anex
traordinary nature as long as the deficit has not been 
expected by the users as a regular event. Therefore, 
the definition selected here does not, in fact, con
flict with common sense. 

A water shortage is defined as a situation in 
which a water surplus does not exist on the averageand 
a potential water demand exists. The first condition 
implies that the developed water supply has been ex
hausted in meeting the established water demand on the 
average over some period of time. The concept of "on 
the average" is introduced to describe the situation 
in which surpluses may exist occasionally, but are typ
ically very minor and cannot be utili~ed as a reliable 
source for ~eeting any established water demands.There-
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fore, some demands arc forced to remain a part of the 
potential water demand. This averaging may be taken 
over any length of time, such as months , weeks or sea
sons. Let xtr,s) be defined as the average (expect
ed) value of the random variable x(i,t) over time 
period s . Then, the average developed water supply 
and the !verage establish~d water demand may beexpres
sed as Sdev . (i,s) and Dest. (i,s) , respectively. 

Using these terms, a water shorgage in the region i 
at time t is indicated by the following condition: 

sdev.Ci,s) - Dest.(i,s) ~ 0, and D (i,t&s) > 0 . 
pot. (2. 7) 

The essential difference between a drought and a 
water shortage is that during a drought the expected 
and relied upon water is not met, while during a water 
shortage the unexpected but desired water is not met. 
The following example may illustrate this difference 
more clearly. Suppose there is a city with thegrowing 
population and the industrial activities are being in
tensified. The people in the city may not be aware of 
the degree of water deficiency they should normally ex
pect. Therefore, they may expect more water to besup
plied than they can actually get. This means t heywill 
face a drought situation whenever there are unexpected 
water deficits. Hm.·ever, they will soon learn that 
such deficits are to be expected and they adjust them
selves to the reality of the situation . In this period 
of adjustment, they.will essentially be decreasing 
their estabiished water demand as the discomfort and/or 
economic loss becomes partly expected and partly elim
inated due to the adjustments the people arc making. 
The previously unexpected water deficit thus becomes 
expected and may be correctly identified as a water 
shortage. Since the realization of the situation may 
not be simultaneous for all the various groups of peo
ple within the city, the city may have both a drought 
and water shortage at the same time. 

Considering the shift of Dest . (i,t) into Dpot. 
(i,t) in the example, this phenomena may be expressed 
as follows for any region. The situation 

o t (i,s) > sd (i,s) es . ev. 
(2. 8) 

tends in time towards the situation 

0 t (i,s) " sd (i,s) (2.9) es . ev. 

because of people becoming aware of the situation and 
making adjustments to it. 

The concepts of drought problems and water short
age problems are defined in accordance with the pre
viously defined concepts. Since a drought is defined 
in the sense that people suffer from an unexpected,and 
thus unprepared for, water deficit, they definitely 
face (drought) problems whenever a drought occurs.Sim
ilarly, in a water shortage situation, the potential 
demand, which is desired to be met but is not, creates 
suffering because of the unsatisfied situation, and 
people face (water shortage) problems as a result of 
this lack of satisfaction. Therefore, in this paper, 
droughts and drought problems are considered as equiv
alent, and accordingly water shortages and watershort
age problems are also considered as equivalent. 



CHAPTER 3 

ALTERNATIVE MEASURES FOR DROUGHT ALLEVIATION 

The purpose of this chapter is to provide a brief 
discussion of various drought countermeasures by con
sidering the nature of each measure and its allevia
ting capability. Since many of the drought alleviation 
measures can be applied simultaneously for alleviating 
water shortage problems, all water resources techniques 
which relate to water supply and demand are considered. 

In order to make the discussion systematic, a 
rough classification of al ternatives is attempted. As 
classification criteria, several ways are possible.One 
of them is structural (engineering) measures versus non
structural (non-engineering) measures. Another is 
nature control measures versus human adjustment mea
sures . These classification criteria are especially 
meaningful for emphasizing the importance of non -
structural and human adjustment measures as against 
structural and nature control measures . Since the use
fulness of these criteria in t erms of comprehensiveness, 
simplicity, and applicability to the classification of 
drought alleviation alternatives is limited, a classi
fication criterion has been selected in this chapter 
from a systems point of view, namely, considering the 
entire water resources complexity as a system. 

Water resource systems, as a whole, have multiple 
purposes and include various functions such as flood 
water courses, wilderness, scenic and recreation area~ 
energy generation, irrigation, domestic use,industrial 
use, navigation and so forth. Each flb>ction can then 
be treated as a subsystem; namely, as a combination of 
input activities, output activities and a functional 
body which carries out the purpose of the subsystem. 
However, instead of treating each function individual
ly, all functions of the water resource systemare con
sidered as a single , consolidatea body of water users. 
Then the system as a whole can .be treated as a combi
nation of input to users, output from users and the 
user system itself, which, in this case, is called a 
water-supply use system. The water-supply use system 
is composed of supply sources, storage reservoirs, dis
tribution systems, users, water treatment facilities , 
recycling systems, return flows and output to other 
systems . Input is flow into the system from sources 
such as streamflow, groundwater reservoirs, lakes and 
output from other water-supply use systems. The user 
system includes distribution networks, qualitative as 
well as consumptive users, water treatment and recla
mation facilities, sewerage systems, recyclying sys 
tems in the form of conduit, stream and groundwater 
f lows which go either to oceans, rivers, and lakes, or 
to other systems. 

The total water use system is a combination of 
many subsystems that are connected by input and output 
lines . Each subsystem may in turn be composed ofsmal
ler subsystems, connected with each other. If the to
tal system is considered as a nationwide or subconti
nental network, subsystems are designated,according to 
geographical considerations, river basins, urban areas, 
big industrial complexes and the like. The water
supply use system as discussed in this paper 
generally refers to a sybsystem of the total nation -
wide system. 

Since each system is composed of input, output 
and the body of the system, they can be classified as 
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external components and internal components . Therefore, 
the system can be, controlled externally as well as in
ternally, and accordingly, the alternatives for allev
iating drought problems may also be classified as ex
ternal adjustment and internal adjustment measures.The 
advantage of this criterion for classification is quite 
significant in the sense that the highly reliablecoun
termeasures to drought probl ems are all external 
adjustments. 

Major external adjustment measures include four 
basic alternatives: uni-directional transfer of water 
from other regions, development of water storage~ibter
regional water exchange, and droug_ht insurance . Weather 
modification and desal ination 'are also classified as 
external adjustment measures, since they increase the 
input to the system. Except for the insurance program 
which is a nonstructural human adjustment me&sure, all 
others are structural measures. 

Transfer of water from other regions increases the 
total availability of water whenever the source regions 
have surplus water. But, once a drought hits the 
source regions, no countermeasure may then be under
taken by using the water transfer system. Therefore, 
for the purpose of drought alleviation,a transfer does 
not serve during the occurrence of a drought, but ra
ther reduces the probability of the occurrence of 
droughts. The larger the percentage of water avail
able in source regions , the smaller is the probability 
of fai lure in meeting the established demand. However, 
since fluctuations of a natural phenomenon are practi
cally unbound.ed, there always remains a given probabi
lity of drought occurrence . This is the maj or physical 
limitation of water transfer measures . 

Two methods can be used in water transfer that can 
add to drought alleviation after a drought has starte~ 
One is to design a transfer line with a reserve idle 
capacity during normal operations and to utilize it 
when a drought occurs. Such a transfer line with re
serve capacity and in the extreme case transfer lines 
which are used only when a drought occurs are very ex
pensive·. An emergency construction of transfer lines 
could serve after a drought has begun. However, bythe 
time it has been constructed the severe drought situa
t ion may no longer exist. Even if it can be completed 
in time, the users may tend to rely on this extra ca
pacity as a normal developed water supply. Then it 
will no longer serve as an emergency measure for the 
next drought . The other method by which the uni
directional water transfer can help after a droughthas 
started is to construct a transfer line i n such a way 
that it passes lvater to two or more regions so that the 
amount of water to be transferred to each region may be 
adjusted according to the respective magnitudes of wa
ter demand-supply imbal ances . Then, even when the to
tal transferable water is 1nsufficient, the inter
regional demand-supply imbalances· can be considerably 
smoothed so that the losses could be minimized . This 
essentially approaches the function of inter-regional 
water exchange as distinguished from the pure water 
transfer. 

Development of '.-later storages has some similar 
characteristics as uni-directional water transfer . As 
a larger storage capacity is developed, more of the 



streamflow can be prevented from flowing downstream 
without use by smoothing the f luctuations over the 
time, and consequently, the probability of drought oc
currence becomes smaller. However, once a drought oc
curs after exhausting the stored water, there is no 
longer any capability for alleviating the drought sit
uation. The emergency use of recreational l akes in 
city parks may be effective in some ·cases , but the 
availab le water is usually limited. Groundwater is also 
considered to be a type of water storage, although it 
takes a longer time for recharge than do the normal 
surface storage capacities. Development of groundwa
ter increases the availability of water within the fol
lowing limitations . One is to maintain an overall bal 
ance between the pumping rate and the recharge rate, 
natural plus artificial, over a long period of time. 
Other l imitations may be necessary to prevent the land 
areas from sinking and a reduction of available water 
in adjacent surface streams or other groundwater aqui
fers. Besides, the pumping rate is limited by the ca
pacity of the pumping facility. Within these limita
tions, additional groundwater can be utilized during 
a drought by pumping water at a higher rate or by i n
stalling. new wells. However, it cannot be a reliable 
drought alleviation measure in most areas, since aqui
f er sources generally have very high correlation with 
surface water and therefore, at the t i me of a severe 
drought the groundwater levels may be reduced to low 
levels . 

Weather modification and desalination cannot be 
considered yet as reli.able drought alleviation measures. 
Even when desalination is economically feasible for 
municipal and industrial uses, or exceptionally forir
rigation, it is unlikely to be justifiable as adrought 
alleviation measure, since desalination plants would 
require a large idle capacity for emergency use during 
droughts. 

The other t wo external measures, regional water 
exchange and insurance, are considered to be themajor 

countermeasures for drought problems. The.ir definitions 
are fully discussed in the subsequent text of this pa
per. Briefly, regional water exchange is made by con
duit network under pressure, which connect two or more 
distant water resources systems and,as a result,smooth 
the economic consequences of droughts by pooling pre
miums collected from spatially distributed insurance 
customers . Obviously, these two measures do not cre
ate any new source of water. Their planning is based 
on the stochastic nature of water supply-demand rela
tions not only over the time but also across the re
gions. Furthermore, drought insurance serves onlywhen 
a drought occurs while the regional water exchange 
serves both in normal times and during droughts . These 
characteristics of drought insurance and regional wa
ter exchange are very distinct from characteristics of 
other measures and should be underlined. 

For internal adjustment measures, one approach is 
to increase the water available either by a reduction 
of losses or by reuse. Evaporation control in reser
voirs, rice paddies, and other bodies of surface water 
would contribute, although such techniques are still in 
experimental stages and have physical .and economical 
limitations . As a more readily applicable measure, the 
l eakage suppression in canals and distribution 1 i ne s 
can be used. Such reduction could be significant in 
groundwater levels and return f lows may not be insig
nificant. These methods are only the supplemental 
countermeasures against drought and cannot be relied 
upon heavily. 
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Reclamation and recycling of water ·can increase 
the efficiency of water use a great deal. Consequently, 
in order to maintain the same level of man 's actlVl
ties, a smaller water supply capacity is required.This 
implies that, for a given water-supply capacity, the 
probability of a drought occurrence is decreased by the 
introduction of reclamation and recycling ' techniques. 
However, they are not particularly . ·useful after a 
a drought has begun, unless an emergency ' introduction 
of reuse facilities can be considered,or unless an em
ergency i dl e capacity for further reclamation and re
cycling is built into the system. 

Voluntary or imposed restrictions on water useare 
known to be quite effective for a temporary reduction 
of municipal and industrial usage. Partial prohibition 
of car washing, la~~ sprinkling, use of swimmingpools, 
or even flush toilet use, has been exercised in many 
cities. Part-time water supply is another restrictive 
measure . As a long-term policy, imposing metered wa
ter usage or i mposing a price increase, can be helpful 
in reducing water demand and use. Although short-term 
restrictions are quite effective for .solving some 
drought problems in municipal and industrial areas~ith 
losses due to restrictions relatively small , becauseof 
the high flexibility of users in adjusting their way of 
using water, restrictions cannot be a general solution 
to drought problems. The magnitude of saving i s limit
ed and the duration that the users are able ;to stand 
them is also limited. 

The other type of internal adjustment measures is 
to increase the efficiency of water use, namely to get 
a higher yield using the same amount of water. A trans
fer of water rights f rom less productive .sec~ors to 
more productive sectors is one of these measures.Trans
fer from agricultural use to municipal and industrial 
use is wide~y discussed and is already exercised in 
some urbanized and industrialized regions. Once a wa
ter right is ·transferred to a highly productive sector, 
the productive sector expands its production scale asa 
consequence, relying on the new source of water, then, 
the economy as a whole becomes more vulnerable to 
droughts. Therefore, this approach cannot be consider
ed as a drought alleviation measure. However, ifwater 
rights are set to be flexible, so that when droughts 
occur the more productive sectors can get more water 
than less productive sectors according to some economic 
loss criteria, such a measure can contributeo•to allevi a
ting drought problems. This may be an extremely dif
ficult approach. Another possibility is to sel ect a 
process giving the same yield with a lower rate of wa
ter consumption . Examples include the development of 
drought resistant crops, development of steam and atom
ic power for replacing hydroelectric power, and indus
trial adjustments. Instead of producing water consump
ti ve goods such as textile, steel, heavy chemical goods, 
the approach is to concentrate on less water consump
tive industries such as printing, mechanical or elec
trical goods. This principle is to some extentalready 
exercised as a result of agronomical research and ra
tional economic choices. However, again they do not 
serve as significant measures for drought alleviations 
once a drought has started in the sense of negative im
balances in the water supply-water demand relation, be
cause the demand has been already minimized as much as 
feasible . 

Based on these findings, it was of interest to in
vestigate the nature of two drought alleviation mea
sures, drought insurance and regional water exchange . 
They are considered as the only major measures that" can 
function once a drought has been initiated. The next 
two chapters analyze these two measures in detail. 



CHAPTER .. 

DROUGHT INSURANCE 

4.1 Definitions and Feasibility Criteria 

Any economic unit which relies on a positive dif
ference of income over outcome , faces some risks ofone 
sort or another. Such risk-taking could be a source of 
profits. As long as the risk is small enough for each 
unit to adjust by i tself, it is simply a problem ofin
ternal management. However, once the economic riskbe
comes substantial and the resulting losses may jeopar
dize the maintenance of the activity, some kind of 
countermeasure is necessary. Insurance is an econo
mic measure aimed against this risk based on t he sta
tistical characteristics of involved random variables, 
namely the larger their sample size , the smaller the 
variance of the sample mean. Here, t he differ ence be
tween the income and cost for each economic unit is 
considered as a random variable . Obviousl y , if random 
variables are not independent, then the principal basis 
for the insurance becomes complicated and the insurance 
may fail. In terms of drought problems, if the occur
rence of drought problems is highly correlated over the 
regions, the fundamental condition of independence for 
the insurance makes the insurance implementation avery 
difficult problem. However, if regional occurrences 
are ~oo•ell scattered a.s if they were independent random 
events over the space, the average pr ofit over the to
tal area may not be very different from one year to the 
next. Thus, the economic losses in some regions will 
be offset by surplus gains in other regions . If 
droughts; resulting in economically adverse consequen
ces , occur only over a very limited area every year, 
the amount of contribution to be shift ed from the sur
plus areas to the deficit areas may be quite small. 
Every economic unit could then afford to insure against 
the possibility of a drought. Unfortunately, drought 
phenomenon is a space phenomenon, because of highspace 
correlation among the drought producing factors . 

Another possibility in applying this principle is 
based on the random independent occurrence of droughts 
over the time rather than over the space . One econo
mic unit may experience occasional income losses due to 
drought. However, if by that time it has accumulated 
the surpluses necessary to carry it t hrough the crisis, 
economic activity can again continue. Although such 
smoothing of losses over time is quite impractical, if 
an economic unit has to manage by i t self, a combina
tion of time and space smoothing will lead to a better 
feasibility of insurance. This is the basis of the 
currently existing insurance programs . 

Economic feasibility for practicing an insurance 
program depends not only on statistical dispersion of 
drought occurrences over space and time, but also on 
another important criterion, namely the relative su
periority of an insurance program in comparison with 
the alternative measures of drought alleviation. This 
can be called the external condition. This condition 
can be stated in the following manner. The costrequir
ed to operate the insurance program must be less than 
that of any alternative measure offering the samelevel 
of protection or assurance against drought-induced 
financial losses. This condition must be interpreted 
so that , as other less expensive alternatives become 
exhausted , and as the marginal cost of acquiring fur
ther protection increases, the insurance approachtends 
to become feasible. 
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Besides this external condition, the insurance 
program must be operated on a sound internal basis . 
That is, the total cost, which is a sum of the total 
indemnities to be paid plus the operating costs, must 
be less than the sum of the following: premiums paid, 
interest from investing the accumulated reserves, and 
any other financial support. If some years do not ex
perience any serious drought losses, t he surplus ac
cumulated from premiums can then be reserved for com
pensation during future drought loss years. This cap
ital reserve is essential for smoothing out t he imbal
ances over the years. 

The use of insurance programs to insure against 
drought damages has a history of more than thirty years 
in the United States, although confined principally to 
crop drought losses in the agricultural sector . The 
next task is to review this experience briefly and 
point out to difficulties involved in order to evalu
ate how practical this al ternative is as a measure of 
drought alleviation. The possibil ity of applying this 
policy to non-agricultural sectors is of special in
terest in this study. 

4.2 Experience with Drought Insurance Program 

The earliest attempt (and failure) of weather
peril insurance in the United States was recorded in 
1899 by a private company offering coverage in North 
Da.kota and Mi nnesota. A few other attempts soon fol
lowed with the unexpected result of prompt discontinu
ation. The main reason for failur es was large crop 
damages as a result of droughts . After the severe 
drought experienced in the early 1930's, the federal 
government assumed responsibility of an al l-risk crop
insurance program i n 1938 by authorizing the Federal 
Crop Insurance Corporation (FCIC) . This program has 
been successfully operating si nce that date. 

Other than the FCIC, there have been private in
surance services since 1880 for crop i nsurance design
ed only to cover hail and wind. FCIC is the only in
surance in the United States that covers cr op damages 
caused by droughts. It must be noted, however, that 
FCIC is not designed only for drought damages,but also 
for other damages due to unavoidable causes such as 
flood, hail, wind, frost, winterkill, hurricanes, tor 
nadoes, insect infection, plant disease and others, as 
may be determined by the Board of FCIC. 

Although the total amount of insurance protection 
is increasing every year (Bailey and Jones, 1970:pp26-
27), the Federal Crop Insurance Corporation is facing 
many fundamental problems . These have some bearing on 
the desirability of an insurance program as an alter
native measure for the drought damage alleviati on. 

The following major difficulties are experienced 
by FCIC: 

(1) It is difficult to distinguish losses caused 
by natural hazards from those caused by idle or poor 
farming operation. As a result, the insurance opera
tion is vulnerable because of undistinguishable and 
sometimes dishonest claims . 

(2) It is difficult to establish a fair protec
tion level for everyone. Usual ly, t he average yield for 



the county is used as a standard protection level . 
Many of the better farmers naturally complain of this 
arbitrary standard. As a result, the better farmers 
think they pay too much and in return get less than 
they deserve. 

(3) For the experienced farmer, it is somewhat 
predictable whether a drought is coming or not. They, 
therefore, buy the insurance only when they think they 
will be hit. Those guesses are at times so accurate 
that the corporation cannot maintain a sound insurance 
business based on ordinary statistics. Experience of 
this sort and the loss of a considerable amount of re
serves have been reported in Colorado recently (Sitler; 
1972) . To solve this problem, the FCIC Colorado bran
ches decided that the crop insurance must be sold at 
least fi fteen months before the harvest season forthat 
crop . Presently, this policy is not universal in tho 
United States. 

( 4) If a farmer is successful, he often can save 
his s urplus income in good years to offset the unpre
dictable deficits in bad years without relying on help 
from an insurance program. In tryis manner, he can 
avoid the unfavorable imbalances between the premiums 
he would have paid and the indemnities he would have 
received. 

(5) It is difficult to establish areas having a 
homogeneous risk concerning crop production or to spe
cify the length of actuarial periods for the different 
crops in di fferent areas would pay their premiums on a 
fair basis wi th others . According to Delvo (1969), 
during the period of 1948 through 1967, ~1ontana and 
North Dakota made the largest contribut i ons t o the na
tional reserve, while Colorado and Minnesota have ex
perienced the largest losses. By crop, the wh~at and 
tobacco insurance program have contributed t he most, 
while the cotton program has drawn the largest indem
nities for losses. 

There are quite a number of drought control mea
sures for protecting crop production, which tend to 
make the insurance approach less attractive. One mea
sure is the fallow land rotation techniq~e . In the 
United States, it is accepted as a rule of thumb that 
any crop lands receiving less than 14 inches of preci
pitation a year shoul d be cultivated under this mothod 
in order to conserve enough soil moisture for crops to 
survive . On lands with 14 to 26 inches of precipita
tion a year the exercise of this technique isoptional: 
Where the precipitation is more than 26 inches, it is 
unnecessary (Kasle, 1~72) . The fallow land technique 
is to plant crops only on one-half of the land each 
year and to leave the other half fallow or unplanted. 
These planted lands and fallow lands are alternatedev
ery year. By doing this, the lanes left fallow canac
cumul ate soil moisture b&neath the surface even during 
a rel atively dry year, because there ar e nosignificant 
plants which would OtQerwise remove the water from tho 
deep layers and bring it up to the surface and bytran
spirati.on on int o the air. Mi nor weeds cannot survive 
once the top threo t o four inches of the surface layer 
becomes completely dry. Therefore, t hey are not a 
problem on the fallow lands. With this method the 
chances are quite high that the water accumulated in 
deeper layers will be enough to support grain crops un
til harvest the following year, even if it is quitedry 
during the growing season . This method is encouraged 
in the United States in connection with the government 
agricultural price support policy, which was designed 
primarily to reduce the over-production . Even i n the 
East, where this t echnique is unnecessary, farmers use 
fallow land rotation practices and alternateplantings. 
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Another protection measure taken by farmers is to 
scatter their lands among different geographical areas. 
One portion of land is located several miles from an
other portion so that the weather characteristics and 
irrigat ion systems are different for the two portions 
of lands. This method is particularly effective-against 
hai 1 storm damages, because most hai l storms have paths 
loss than one mile wide . Against droughts, t he effect 
of this strategy must be considered small for t he indi
vidual land owner. In the case of large crop produc
tion companies, they may be able to scatter their land 
o~o.'Jlershi p over hundreds of m.il es and thus derive some 
relief. 

In irrigated farm lands, the farmers can observe 
the storage levels of the irrigation supply sources 
such as reservoirs, ponds and aquifers , and can tell 
whether or not a drought situation may be coming in the 
near futur'e. Knowing tho potential for occurrence of 
a drought many months ahead, they can then take various 
control measures to avoid some effects of the drought. 
One farmer may choose not to grow crops in order t o 
save the operating cost. Another farmer may pl.ant less 
water demanding crops, which while less profitable are 
nearly guaranteed even during a drought. Furthermore, 
even when a drought occurs, farmers can shift water 
from one user to another through irrigation ditches by 
treating the water as a commercial commodity. A far
mer who is growing a less profitable crop would then 
sell his ~o.•ater to a farmer who is growing a more prof
itable crop and then share in the profits. ln general, 
the crops that are most affected by droughts are those 
that normally do not receive supplemental water through 
i rrigation . Therefore, the only way to offset the 
drought risk for these crops is an i nsurance program. 
In fact, drought insurance is not sold for crops onir
rigated lands (Anderson, 1972) . 

Based on the experiences of the FCIC, the feasi
bility of applying the insurance program exclusively 
for drought problems may be predicted. There arc anum
her of r easons that tend to prevent such a policy from 
being operational . One problem may be the difficulty 
in discriminating the drought damages from the damages 
due to causes other than drought such as wind, insects 
and poor farming operations. Secondly, drought can be 
an important factor in serious crop damage only in a
bout fifteen or twenty of the western and mid-western 
states. Also, once a lar ge continental drought hits 
the United States, most of these western states would 
experience the full effects and as a result the indem
nities to be paid would easily be tremendous. In other 
words, a drought insurance operation would not be able 
to r ely on a small variance for the mean risk . This is 
a violation of the fundamental principle of the insur
ance concept . The result is that the necessary capital 
reserve for the sound operation of the insurancepolicy 
would be very h igh , with the farmer ' s willingness to 
pay such large premiums questionable. 

If substantial governmental support for building 
reserves is available, a considerable portion of the 
financial problem will disappear. In fact, such sup
port is not unlikely when one considers the production 
control program that is in effect for major overpro
duction crops in the United States (Wilcox and 
Cochrane, 1958: Chapt. 31). The justification f or ap
propriating the tremendous capital needed for a droug::t 
insurance reserve would, however, be unrealistic since 
there is no advantage of a single cause insurance over 
all-risk insurance. 



The rationale of applying drought insurance to 
non-agricultural industr ies and domestic uses may be 
even less plausible than that for crops . First ofall, 
a large portion of the wat er necessary for man's acti
vities cannot be substituted by any form of economic 
measures. For instance, a man who is suffering from 
water shortage does not need money for washing dishes, 
clothes and ca.rs or for sprinkling lawns, but needs wa
ter itself. A considerable port ion of industrial wa
ter demand is of the same nature. The application of 
an insurance program to such a 1~ater demand should not 
be even considered. For those cases for which an eco
nomic trade off can be est ablished, t here still remai n 
many reasons for not implementing an insuranceprogram. 
One reason is t he fact that the real water demand in 
municipalities and industries is unestimatable due to 
i ts flexibility. In domestic use, for i nstance, even 
a thirty to fifty percent reduction of 1;ater supply may 
not cause any significant losses or damages to users 
except for some discomforts . Even i n i ndustry, the 
normal production level can be maintained with reduc
ed level of water usage simply by increasing the ef
ficiency of its usage. 

Furthermore, municipalities and industries are in 
a similar situation to that of irrigated farms . The 
water supply systems for municipalities and industries 
are usually relying upon various water storage facili
ties such as reservoirs, ponds and aquifers . By ob
serving the storage level s of these supply sources, the 
prediction of a potential dr ought s ituation i s feasible 
many months in advance . Then the people and industries 
involved are able to take various measures to prevent 
the occurrence of large economic losses due to the 
drou~ht . It is unreasonable to assume that anybody 
would maintain normal activities knowing that adrought 
s ituation was impending or in progress. 
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Any conceivable orthodox i nsurance concept seems • 
incapable of covering drought losses incurred by the 
industrial sector. A water shortage which is extra
ordinary in magnitude and duration brings about a grave 
regional economic depression, 1;hich must by nature be 
cured by financial aid on the national basis rather 
than by indemnities accumulated from pr emiums paid by 
the beneficiaries. 

A similar program on droughts, the Common-Wealth 
Drought Bond .in Australia, is worth mentioning. (Glan, 
1970). In 1969 , the Australian Government issued their 
first series of drought bonds to those who derive the 
bulk of their income from grazing sheep and catt le i n 
arid areas as a means of setting aside funds as a pro
vision against drought, f ire and flood . Since in Aus
tral ia tho agriculture is concerned with raising of 
livestock, an insufficient yield of feed as a result of 
a drought is a ser i ous matter. It should be noted that 
the protection is provided not only against droughts . 
The essential difference of a bond program from an in
surance program is that while the bondholders can re
ceive no more than they paid plus interest when they 
have losses, they can redeem the bond at face value at 
maturity even if they have not incurred any loss . On 
the other hand . while the insurance holders canreceive 
far more in the event of loss than they had paid, they 
cannot get the premiums refunded if they did not have 
any loss . The attractiveness of the bonds is that when 
the holders had losses before maturity , they may re
ceive the full face value of bonds which otherwise 
would be paid only at maturity. Since the droughtbond 
policy has very limit ed experience thus far,a fair as
sessment of that policy is not yet feasible. 



CHAPTER 5 

REGIONAL WATER-EXCHANGE SYSTEMS 

5 . 1 Definition of Regional Water-Exchange Systems 

A regional water-exchange systom is a network made 
up of bi-directional water t ransmission linesintercon
necting two or more regions or river basins so as to 
smooth spatially, as well as over time, the water 
supply-water demand imbalances by exchanging water 
among the regions. 

The bi-directional water transmission lines must 
be closed, pressurized conduits, such as pipelines, 
tunnels and siphons. In order to transmit water against 
gravity, pumping stations may also be necessary . These 
structural components arc different from those of uni
directional water transfer lines, which are primarily 
some type of free surface flow, mainly as canals or 
channels . 

Using a network of bi-directional water transmis
sion, an exchange system can smooth spatially the sep
arate water supply-water demand imbalances by shifting 
water from areas of surplus, or less severe negative 
imbalances, regions of deficit or more severe negative 
imbalances. In different seasons or years, these sur
plus and deficit areas tend to vary spatially. Ther e
fore, transmission lines must be bi-directional. In the 
l ong run, the regional give-and-take of water may or 
may not be equal, but each region will get its share 
of benefits in time of need . 

As an example of smoothing temporal imbalances, 
consider t wo regions which are receiving water from 
their own streamflows and are interconnected by a 
water-exchange network of pipelines which enable each 
region to utilize the available water from the other 
region. Suppose that the water supply-water demandim
balance for the two regions taken together is positive 
(i . e ., a surplus exists). Then, if one region's sys-
tem has no remaining storage capacity and the other 
still has avail able storage capacit y, then it is desi
rable to transfer water into the region where storage 
capacity exists for use when future negative imbalance 
may occur. If both systems can store, it is desirable 
to only use water in the region whose ~xpectod future 
inflow is higher, and store water in the region whose 
expected future flow is lower. Such operations will 
lead to a minimization of unused (waste) output from 
the to~al system. Obviously, since both the available 
capacity of reservoirs in two river basins and the fu
ture inflows from their basins will fluctuate, the wa
ter transmission lines must be bi-directional . 

In other activities, such as power transmission 
networks, gas networ ks or t elephone networks, exactly 
tho same idea has been already implemented . In power 
networks, electricity is transmitted whenever it is 
needed, even over thousands of miles . A similar situ
ation is with the ga.s transmission . In telephone net
works, not only do the origins and destinations change, 
but the lines t o be used also change in such a way that 
if the most direct lines are busy,another route is se• 
lected as the most efficient combination of available 
lines. The same t ype of optimal path may be also ap
plied to regional water-exchange systems . 

AI though t he insurance approach deals with the ec
onomic consequences , while the water-exchange systems 
deal with the.physical water supply-water demand im
balances, the fundamental principle used is-the same. 
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Namely, the regional water-exchange concept relies on 
the statistical sampling properties of variables,name
ly as the sample size increases the variance of tho 
mean decreases . Again, as in the insurance approach, 
the randomness of variables is essential. In terms of 
drought problems, this would mean that if the water 
supply-water demand imbalances are independent ornear
ly uncorrelated over space and time, the mean seasonal 
or annual imbalances over a large area will not vary a 
great deal, even though the imbalances of the i ndivi
dual portions of the area would vary a great deal over 
the same period of time. Therefore , by being able to 
exchange water spatially and as a consequence, t empor
ally, the imbalances can be smoothed. This fundamental 
principl e will hold less and less, the more correlated 
are imbalances over the space . 

5. 2 FeasibilitY Conditions 

Based on the outlined principle, concrete feasi
bility conditions can be derived . The major factors 
affecting the water supply-water demand imbalances are 
the size of the geographical area to be covered bynet
works and the type of networks to be constructed. 

Since the distribution over the area of water 
supply-water demand i mbalances is a result of bothsup
ply and demand fluctuations, it is satisfactory if 
either of them satisfy the principle . The water suppl y 
may have low spatial correlations if the distances 
among regions or river basins are sufficiently large, 
and depending primarily on the regional characteristics 
of soils, plants, topography, geological and cl imatic 
conditions . For instance, if one region relies on 
snow melt in the spring as the major water supply 
source, and the other relies on seasonal rainfallwhich 
occurs in the summer or fall, the exchange of water 
from the former area to the latter in- the spring, and 
conversely in the summer or fall , would be desirable . 
Even in case of insignificant seasonal imbalances in 
water supply over the space, the stochastic components 
of water supply of these two areas, if they are suffi
ciently apart, may have a lo1~ correlation, wi th the 
same exchange effect to be produced. 

Similar spatial distribution imbalances can also 
exist on the demand side . The demand patterns often 
vary spatially. For instance, seasonal demand patterns 
are different in industrial and agricultural areas. 
Different crops have different growing seasons and dif
ferent patterns of water need. Temperature and preci
pitation fluctuations similarly creat e differences but 
in a more stochastic manner. 

An important implication is that the patterns of 
users' water demand can be deliberately differentiated 
over the time, and the water exchange instituted could 
smooth the imbalances among the users . Such differen
tiation is quite feasible in agricultural sectors . Some 
regions may concentrate on the early-season crops,oth
ers on the mid-season crops, and still others on the 
late-season crops. Such crop variations may be encour
ed by economic r easons such as a greater profit forthe 
growers by producing an even supply of produce over a 
longer period . 

The size of the area to be covered by the network 
should not be judged only in geographical sense. The 



principle is most likely to be met if aTeas are suffi
ciently distant, since climatic conditions over l ong 
di stances are l ess correlated. However, the size of a 
suitable total area for water exchanges should not 
necessarily be very l ar ge . The basic condition can be 
met even i n a small geographi cal area if the water 
supply-water demand i mbalances aTe sufficientlydisper
sed over t hat area . For example, a single urban area 
may m.eet this criterion. In a large urbanized area 
such as New York or Tokyo, the municipal watersupplies 
rely on three, four or more river basins , with differ
ent degrees of reservoir regulations, and a distri bu
tion network interconnecting these urban areas. The 
concept of multipl e basin water exchanges may not be 
fulfilled if interconnecting transport facilit i es of 
water-supply system within these urban areas are inade
quate . If a river basin experiences a wat er deficit, 
the portion of the urban area which relies on t hat ba
sin will suffer from the deficit, 1~hile areas rel ying 
on the other river basins may have a sufficient oreven 
a sur plus water supply. Even if all subsystems 1vithin 
these urban areas are interconnected through a distri
bution network, it does not necessarily guarantee a 
maj or water exchange between subsystems. The total 
~~ater supply system, covering a large metropolitan 
area, 1vhen it rel i es on multiple 1~ater suppli es, may 
for all practical purposes be a mere composition of in
dependent water supply subsystems . The water deficit 
problems i n urban large metropolitan areas may not be 
the result of t he deficit i n t he total water avail able 
but a matter of internal distribution. Greenberg and 
et al. (1971) made a test study in t he New York metro
pol itan area revealing its inadequate di stribution 
network . In the Tokyo met ropolitan area, the construc
tion of facil i ties is undenvay to make the t1o10 major 
supply sources, t he ' Tama and Tone Rivers, a joint sup
ply source in order to attain a higher efficiency for 
the total 1~ater system (Tokyo Metropoli tan Water Supply 
Bureau, 1972) . 

Basically t hree forms of network patterns for ~<•a
ter exchanges are f easible. One is to interconnectthe 
water systems by means of t heir i nput structures . For 
instance , the i nterconnection of two reservoirs or two 
str eamflow sources belong to t his category. Another 
type is the interconnection through an already existing 
distributi on system. Any urban water-supply distribu
tion syst em relying on two or more wat er supplysources 
is of this second type . Examples of New York and To
kyo belong to this type of exchange networks ,requiring 
relatively modest engineering works to accol)tplish ex
changes in comparison with t he first type of exchanges. 
The t hird t ype is a combination of these two t ypes ,na
mely to connect both t he separate water syst ems by ma
jor pipelines and t he already existing internaldistri
bution systems. For instance, a megalopolis , such as 
t he east coast of t he United States, could be connect
ed by this type of networks . In general, the second 
type of exchanges should be t he most economical . 

5 . 3 Political and Social Implications 

Likely, the most important social i mplicat ion of 
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regional 1;ater exchange .i s their effect on the total 
capacity of l arge reservoirs . B~ constructing the water· 
exchange network over two or more regions, a part of 
t he reservoi r s ' function in smoothing the temporal 
water-supply fluctuations has been taken over . In other 
words , the reservoirs no l onger are the only drought 
control measure . Therefore , t heir capacities may be 
reduced. This reduction can be substantial since the 
space normally reserved for drought control may be tre
mendous. This substitution effect is important both 
for t he exist ing and pl anned reservoirs. The increas
ing socio-political resist ance to building of l ar ge 
reservoirs is a new factor in 14ater resources and con
trol. This resistance develops not only from the land 
01mers and people living in the areas to be innundated, 
but al so from people to be affect ed in one way o-r an
other . Therefore, if the function of a large reservoir 
can be substituted, at least partly, by less contro
versial measures, the socio-political benefit may be 
l arger and more i mportant than the tangible economic 
benefit. Moreover, the need f or such substitutions 
rapidl y grows, as the best reservoir constructionsit es 
become exhaust ed and the people become more a1~a-re of 
consequences and reluctant to accept them by the con
struction of very large reservoirs . In some regions 
that substitut ion may become indispensable . 

Furthermore, a water exchange system can al so sub
stitute for l arge scal e water transfer lines to theex
tcnt that t he transfer l ines no longer must be a means 
for drought problem al leviation . This factor may re
sult in the eliminat ion of t he construction of l ar ge 
reserved idl e capaci ties for some large scale transfer 
lines. 

Uni-directional water transfer is very controver
sial . It is not only an i ssue because of the future 
regional water development of the water producingarea, 
regardless that the economic activities in this area 
may be much less advanced t han in the area to lvhich wa
ter will be transferred . Environmental and ?Olitical 
issues of ecology, regional sovereignty and many other 
non- economic f act ors are invol ved . By regional lo/ater
exchange systems, the uni- directionai transfer con
flicts may often be eliminated, since both regions 
shoul d be beneficiaries, wi t h the total available lva
ter increased 1~i thout a sacrif ice by either region. 

The regiona l lvater- exchanges _may be necessary 
regardless of the use of large reservoirs and/or uni
directional transfers for drought control . The water 
resources systems may develop t o the point that only 
the 1~ater-exchange can improve the int ernal efficiency 
of water utilization over t he regions. Without the l~a
ter exchanges the expensive component s of water re
source systems, such as reservoirs and uni-directional 
t r ansfer lines, coul d not be fully utilized . This full 
utilization of available water supplies will becomeec
onomically more and more i mportant as the ~<•ater re
sources system are more and more developed and the 
pressure on the avail able water resources intensifies . 



CHAPTER 6 

COST EFFECTIVENESS ANALYSIS 

Thetopics of int erest are the conditions under 
which the regional water-exchange system becomes com
petitive as compared l>'i th the alternat i ves . Although 
there have been no actual cost estimations of anykind, 
it is conceivabl e that large capital investment would 
be required for the construction of water-exchange net
works of subcontinental size. The regions to which 
this concept may be applied are not on ly large areas, 
wi th scattered water resource syst ems and without the 
interconnecting lines, but also the l a.rge urban areas 
with distribution networks close one to another, or in 
t1v0 or more nearby areas of any size '"i th local distri
bution systems easily to be interconnected . 

In general , any measure can be considered as fea
sible only i n comparison with the alternatives . There
fore, the relative advantage of one alternative over 
the others may be more important than the individual 
cost estimates . For i nst ance, a unit increment of 
storage capacity becomes less efficient as the temporal 
variability of i mbalances increases. On t he otherhand, 
a high variability of i mbalances over space and time is 
essential t o the lvater-exchange measure of drought con
trol. This seems to suggest that 1;hen the vari ability 
of water supply-water demand imbalances attains a cer
tain value, the marginal efficiency of two measur es 
may be equal. 

For a complete discussion, the marginal effi ciency 
and variabili ty must be more precisely defined. Letthe 
marginal efficiency be defined as the marginal costef
fectiveness <lE/k , 1;ith E the effectiveness·, measur
ed in t erms of the level of accomplishment towards a 
gi.ven objective, and c the cost necessary to obtain 
that accomplishment level . Obviously aE/<lc is anon
linear f unction of the level of accompl ishment because 
of scale economy. In drought problems, the objective 
may be t he total protection from drought hazards and 
the l evel of accomplishment may be a protection level 
such as a drought hazard frequency of l ess than once in 
10 years, 20 years, 40 years and so forth, on the av
erage. Let the variability be defined as a two
dimensional vector 1vi th components made up of the time 
vari ance changes on the interval (o,w) , and the sp~
tial correlat ion on the interval [-1, 1) . If n lS 
t he number of regional ~o.·o-.:er systems involved, there 
are n variances of and n(n-1)/2 pairs of spatial 
correl ation coefficients between systems i mbalances . 
Instead of treating each of them individually, l et a 
variance and a spati al correlation coefficient be con
structed in such a way t hat t hese two values represent 
both the regional characteristics and the original n 
and n (n-1)/2 values, respectively. It i s admitt ed 
that finding a reasonable function for the m~pping 

En-~E1 and En(n-l)I2 ... E1 is an extremely difficult 
task. At this moment, such a transformation is con
sidered as merely a matter of convenience in order to 
avoid a com?l ex multi-dimensional discussion. The real 
economic analysis must be done under the exact dimen
sions . Using these conceptual values, the character
istic relati ons between aEjac and other regionalpro
perties can be est ablished. All figures shown in this 
chapter are based on the same protection level to en
able the comparison between the various dr oughtcontrol 
measures. 

Figure l shows the r elation between the effective
ness of water storage and transfer drought control mea-
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sures and the variance of 1•at er supply-water demand im
balances. If t he variance of imbal ances is zer·o, ob
viously no s t orage effect exists since i t s function is 
the smoothing of the time variations in water supplyso 
as to meet the demand patterns. As the variance in
creases, the storage can p l ay more and more its role . 
However , once t he variance becomes greater than a cer
tain value, t he effectiveness as measured by the mar
ginal cost effectiveness gradual ly decreases because the 
r ange of t he partial sums of the streamflows increases 
as their variance becomes large, and a large reservoir 
capacity is necessary. For the infini t e variance the 
effectiveness is almost zero, that is a great cost for 
a given protection level . The effectiveness of uni
directional transfer is highest when the variance is 
smallest, since the quantity per unit t i me of wat er 
transfer required never changes when the variance is 
zero . Needl ess to say , the t r ansfer measure is only 
feasible when the negative imbalances exist in water 
receiving areas and the positive imbalances exist in 
water providing areas . The highest ordinate value de
pends upon the difference between the negative and pos
i t ive imbalances in the two areas. The effectiveness 
of water transfer measure decreases as the variance in
creases, because the amount to be transferred changes 
over the time and an idle capacity is necessary to in
sure the given level of protection . At the infinite 
variance, the efficiency is nearly zero as in the case 
of water storage measure. For these two measures, the 
spatia l correlation does not have any affect, since no 
inter-regional connections are assumed to exist. 

aE 
ac 

0 Variance 
Fig. 1. Effectiveness of water storage and 1;atcr 

transfer versus the variance of r egi.onal 
water supply-water demand imbalances. 

a:> 

Figure 2 shows the conceptual relation between the 
effectiveness of a water-exchange measure for a given 
level of protection and the variance and spatial cor
relation coefficient. Here both the variance and t he 
spatial correlat ion coefficient of the suppl y-demand 
imbalances are the controlling factors. For the zero 
variance, the correlation is undefined. Figure 2 il
lustrates the concept that for the variance extremely 
small, the wa~er-exchange system will function merely 
as transfer lines, since each region will have a near
ly constant rate of i mbalance . The effectiveness may 
then be positi ve with a very small magnitude only if 
one region has a positive imbalance and another has a 
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Fig. 2. Effectiveness of regional water-exchange systems versus the variance 
and the spatial correlation coefficient of regional water supply
water demand imbalances. 

negative imbalance, as illustrated by the line AA'. In 
this case the spatial correlation between these two 
regional i mbalances does not make a great deal. of dif
ference, although a small or negative correlation is 
advantageous. 

As the variance increa~es, the effectiveness also 
increases since exchanges become feasib l e, asillustra
ted by the line AB. However, exchanges are practical 
only when the spatial correlation is relatively small 
and when the spatial correlation is negative, the ef
fectiveness is highest. The hyperplane AA'B'B illus 
trates this point . 

As the variance passes some critical value, Vc 

the effectiveness decreases because a larger variance 
implies a larger capacity requirement for a given level 
of protection. The l ine BC illustrates this point . 
This relationship is the same for both the storage and 
transfer measures of drought control. 

A similar relationship for the insurance policyis 
shown in Fig. · 3. For a small variance, the insurance 
policy generally is not feasible since each region has 
nearl y the same economic consequence every year, that 
is , some areas constantly have losses and some con
stantly have profits. However, in some cases, even i f 
all areas are in the situation of neither gains nor 
losses ever.y year, the insurance policy could be help
ful in smoothing out the minor l osses. I f the spatial 
correlation is high, the smoothing must be made over 
the year , but if it is low, the smoothing applies both 
spatially and over t he time, and will be more effec
tive. These relationships are shown by the hyperplane 
AA'B'B. As the variance increases, the effectiveness 
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of insurance increases, particularly if the spatial 
correlation is low. If the spatial correlation is 
close to unity, indemnities to be paid in time of 
drought are enormous even for a relatively small var
iance. As the variance passes some critical value,V , 

. c 
the effectiveness decreases because indemnities to be 
paid become large . The insurance policy is feasible, 
however, when the spatial correlation coefficient is 
near minus unity so that the smoothing can be made en
tirely within the year. Unfortunatel y, this can not 
be expected from the supply side but can be expected 
from the demand side of imbalances. If the spatial 
correlation coefficient is large, the year by year 
fluctuations in indemnities to be paid soon become so 
large that huge capital reserves are required. This in 
turn makes t he policy ei t her unattractive or infeasi
ble. These relationships are· shown by the hyperplane 
on the right-hand side of ~he line CC '. 

Given these characteristic contour maps, Figs . 1 
through 3, the choice of the best al ternative can be 
made simply by superposi ng these maps. The best alter
native can be made simply by superimposing these maps . 
The best alternative is selected dependi ng on the re
gional characteristics of the variance and the spatial 
correlation coefficients of supply-demand i mbalances . 
However, such a simple procedure is only feasible after 
all the coordinates are used as a consistent dimension, 
which in r eal ity is extremely difficult. For i nstance , 
since the insurance program deals with t he ec·onomic 
consequences of the water supply-water demand imbalan
ces, such consequences m~t be a direct function of wa
ter imbalances in order to obtain the same dimensional 
coordinates. For the moment these maps are considered 
as purely conceptual, cost-effectiveness contour maps. 

Fig. 3. of insurance program versus variance and spatial 
correlation of economic consequences due to regional water supply
demand imbalances. 

.14 . 



CHAPTER 7 

MEASURES OF EFFECTIVENESS 

1.1 Introductory Remarks 

Among the various merits of regional water ex
change systems discussed in Section 4 .3, their substi
tution for carry-over storages, at least partially, 
seems to be the most attractive approach, among other 
reasons also because ~f current increasing resistance 
to construction of large storage reservoirs. Chapters 
7, 8 and 9 of this paper are intended to develop an 
objective measure for quantitatively evaluating the 
magnitude of the storage capacity saving . As discussed 
in Section 7.3, the selected measure involves a time
consuming optimization process; therefore, only asim
plified case will be demonstrated . 

7.2 Selection of Measure of Effectiveness 

As a basic measure of storage capacit y needed for 
any reservoir case, a concept of range was indirectly 
introduced by Rippl (1883) in the development of his 
mass-curve diagram. Its mathematical and statistical 
properties have been investigated in depth by mathema
ticians and engineers. However, the t heory of range 
developed up to now, as it concerns its usefulness in 
the design of reservoir size requires a full develop
ment of the stream, that is, in the long run, the mean 
regulated outflow is equal to the mean inflow . Forpar
tial development of a stream, the use of range theory 
as applied t o design of storage capacities is yet to 
be developed. Nevertheless, when used as a measurefor 
reduced reservoir storage capacity,the range is excel
lent, because the regional water exchanges produce a 
direct reduction of the range. For a smaller regional 
range , a smaller total storage capacity in the region 
required for the same yield . If the total utilization 
of the streamflow is considered,the reduction of range 
is exactly equal to the amount of the potential reduc
tion in storage capacity in the total, i nterconnected 
stream system. If only its partial utilization iscon
sidered, the reduction of range is still an indicator 
of storage saving, if the reduction of range i s expres
sed in ratio to the original range. As an example, if 
twenty percent of the required storage capacity is sav
ed by inter connection in case of total utilization of 
streamflow, nearly that same percentage of saving may 
be expected in case of partial utilization . 

Let U0 be the range of strearnflows without a n 
regional exchange system and Un the range of all 

streamflows within a regional exchange system, where n 
is the sample size for which the ranges are computed . 

The range reduction ratio for the availablesample 
is then def ined as 

For Un small this reduction ratio approaches unity, 

namely, the water exchange system decreases the range 
significantly. Obviously, the reduction in range de
pends on the method of operation of an exchange.system. 
When the range is minimized by some operational or op
timization approach, the exchange system is said to be 
optimally operated, and that rule or approach i s then 
called the opt imal operation policy. The resultant 
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maximum reduct ion ratio is denoted by a~ . In order 

to utilize t his reduction of range as a measure of ef
fectiveness, t he range for multiple streamflows mustbe 
defined. In t his paper, it is defined as the algebraic 
sum of ranges for all the individual st reamflowsinter
connected by t he exchange system. 

In case of expected values E (Un) and 

known or estimated from data, the reduction 
defined as 

a 
n 

E(U~) are 

ratio is 

This approach is subject to an obvious criticism. 
That is, even if the sum of ranges for the intercon
nected systems is minimized, it does not necessarily 
minimize the total cost of construction of reservoirs 
on all of the individual streams . The reduction in 
storage at some streams may have a higher econornicval
ue than on other streams. Therefore, if the sole pur
pose of substituting a water exchange system for a 
large reservoir is to reduce the construction cost,the 
effecti~eness of the regional water resource exchange 
system should not be measured simply by minimizing the 
simple sum of ra.nges. According to t his reasoning, 
other efficiency measures might be formulated,based on 
economic considerat ions, rather t han onl y on hydrologic 
considerations . Nevertheless, the reduction of a sum 
of ranges is a direct analytical expression for the ef
fect of substitution. This maximum reduction is the 
simplest way of expressing the potential savings in 
storage capacity, and . should be useful in preliminary, 
feasibility analysis of regional water exchanges . The 
maximum r eduction ratio a~ in the sum of ranges is 

selected in this paper as a measure of effectiveness 
for regional water exchanges. The determination of a~ 

is an optimization problem. If the exchange l i nes are 
unlimited in capacity, the probl em becomes an uncon
.strained maximization problem; otherwise, it is a con
strained maximi zation problem. The maj or concern of 
Chapter 8 is t he method of determining the maximum re
duction ratio a~ under the assumption of unlimited 

capacity of exchange lines. 

7.3 Mathematical Formulation Measure of Effectiveness 

In this section , the effectiveness measure, a~ , 

will be rigorously formulated in mathematical terms, 
and at the same time mathematical notations will be 
developed for the use in further discussions . 

Let M be the number of streams i n a system to be 
connected by a water exchange network . The streamflow 
x. at time t is denoted by x . , where i is an 

1 1,t 

integer 1 through M , and t is an integer 1,2,3, 
.. . ,n. I ts mean is denoted by xi as the estimate 

Suppose each stream is interconnectedwith 

its adjacent str eam by a water exchange line with a 
capacit y r .. , and the amount of water shifted from 

1,) 

stream i t o stream j at time t is r . . t , then 
l , J, 

obviously , 



0 < r 1 . < r. . for all i, j, and t 
- ,J,t - l,J, 

(7 .1) 

with l,J symbol representing the flow in the direc
tion j to i . After exchanges are made, the total 
water in the s tream i at time t equals Yi ,t 

with the streamflow exchanges made with (i-1)-th and 
(i+l)-th streams, or j=i-1 and j •i+l , 

yl. t = x · t - [ (rl., 1. +1, t - r · 1 · t) + (r · · 1 t -
' l, l+ ,l, l,l- ' 

- r · 1 · t)] 1 - ,1, 
(7 .2) 

and 

r. . • 0 for i or 
l,J 't 

< 1, or i or j > M . 

(7. 3) 

Equation (7.2) is the mass balance equation 
vidual streams, assuming that the river i 
water only with the two adjacent rivers. 
streamflow cannot be negative, 

y. > 0 for all i and t l ,t -

The deviation 6. t of actual s treamflow 
l, 

the mean discharge xi of the stream is 

for all i and t 

for indi
exchanges 
Since a 

(7.4) 

from 

(7 .5) 

with xi the mean of the sample of size n . 

Figure 4 illustrates the relations among x, r, 
y and x . It should be noted that if connections are 
an~ng the regions rather than among the streams, con
nections between all combinations of adjacent r egions 
must be included as shown in Fig. 5 . In this case, 
the range makes sense when based on deviation of the 
water supply input to a region from its regional de
mand. However, since the regional water supply is de
pendent on the water use of adjacent regions such a 
concept may be appl icable only with some general as
sumptions. 

xi-1 , r_ t Yi-l, t ..-
St reom i-1 --~=;==~----~~l_---=====~ 

(xi-1) 

ri i-1 t t t 'i-l,i,t Y· 
X.j ,t ' ' ... l.t 

Stream 

S t re am I+ I 

r. I · t 
X • I t I+ '

1
' I+' ... 

Fig. 4. Interconnections between adjacent streams. 
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Region a Region b Region c 

~~ b t yb~, %::"1'b, p.... l,..i-'0 _; 
~t ;.c.~ 

~ .~~ 
Ya,t~ \.i-C. 

rb, o, t rc, b,t 

re ,b t. 1 'b,e,t 

I + 

Region d Region e Region f 

Fig. 5. Interconnections among adjacent regions . 

The total sum of input-demand deviations 
system, denoted by 6t , must be equal to the 

ence between inflows to the system at time t 
mean inflows to the system, namely, 

M M M 

1: '"i' t 1: xi,t - 1: x. . '\ 
i=l i•l i=l l 

as a mass balance equation for the system. 

i n the 
differ-

and the 

(7.6) 

Let S. 
1,n 

for the s tream 

denote the partial sum of deviations 

i from time 1 through n , 
n 

s. I t.1 = s. + t.. 
1,n T• l , T l ,n- 1 1,n 

where 

S. 0 for all i 
1,0 

+ 
Let S~ t and S. t be the minimum and the 

~~ l , 

values attained. by the partial sum between time 
through t i me t , that is 

S~ t • min {O,S. 
1

, ... ,5. } 
1, 1, .1, t 

(7.7) 

(7 .8) 

maximum 

0 

(7.9) 

( 7 . 10) 

The i nitial values s~ 
1,0 

and s: 
1,0 

are then equal to 
zer o, i .e., 

s~ 
1 ,0 

0 and s: 
l ,O 

• 0 for all i (7 .11) 

The range of partial sums is defined as the difference 
between the maximum partial sum and the minimumpartial 
sum. Thus, the range of partial sums of the stream i 
for the first t time intervals is 

with 

R. s: - s~ l,t l ,t l,t 

R. • 0 for all i 
1 1 0 

(7 .12) 

(7 .13) 



The sum of the ranges for the total system during the 
n time intervals (the sampl e size) is denoted by 

M 
u ~ R. 
n i=l 1,n (7.14) 

When no water exchange exists, or 

ri,j ,t = 0 for all i , j and t (7 .1 5 ) 

the resultant sum of ranges is called the original sum 

of ranges and is denoted by U° Finally, the afore 
n 

~entioned range reduction ratio due to water exchanges, 
an , is defined as 

a 
n 1 -

un 
uo 
n 

(7.16) 

In case that the water exchange system is operated so 
as to minimize the sum of ranges, the resultant sum of 
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ranges and the reduction ratio are indicated by 
and a~ , where 

U* 
n 

U* n min Un with respect to Ai, t for all t t [l ,n] 

(7 . 17) 

and 

a* 
n 

U* 
1 - n 

uo 
n 

Furthermore, as an estimator of 

S* 
n 

E (U~) 
1---

E(U~) 

a* 
n 

6* 
n 

(7 .18) 

is defined as 

(7 . 19 ) 

which is not necessarily equivalent to ECa;) , unless 

U* and U0 are independent quanti t ies . 
n n 



CHAPTER 8 

MAXIM UM REDUCTION RATIO OF SUM OF RANGES 

8.1 Mathematical Formulation of Minimi zat ion Pr oblem 

Since U
0 

does not depend upon the water exchangn 
es Ai,t , it follows, from the definition of Eq . 7 .18, 

that the maximization of an* with respect to A. l , t 
under a given sequence of streamflows xi,t is equi-

valent to the minimization of U 
n 

The deviation A. t of the actual downstream flow 
l, 

Yi , t from the mean xi is a fuction of the water ex-

changes ri,j,t as defined previously . Then the par

tial sum of the deviations, S. , the maximum par-l,n 
tial sum S~ , the minimum partial sum s~ and l ,n 1,n 
consequently the range R. and the sum of ranges U l , n n 
are all functions of water exchanges. In a minimiza
tion problem of _ Un , the water exchanges are t he only 

control variables. 

A compl ete mathematical expression of this prob
lem can be given in the form of an ·-ordinary control 
problem. 

The objective function is: 

or equival ently, 
M 

min L 
i =l 

R. l,n with respect 

to ri,j,t , i,j = 1,2, ... ,M and t = 1,2, .. . ,n .(8.1) 

The constraint set is composed of three classes . 
The first class is a constraint on the control varia
bles; namely the inequality (7.l) . The second class isa 
constraint on the phase space; that is, the streamflow 
cannot be negative, namely, the inequality (7.4). The 
third class of constrafnts is a state equation system 
which is composed of the mass balance equations andthe 
basic definitions of rleviations, partial sums andrang
es; namely, the equalities (7. 2) , (7. 3) and (7 . 5) 
through (7 .13). 

The direct solution of this multi-stage optlmlza
tion problem is very difficult, mainl y because of the 
definition of the range. The range is a nonlinear 
funct ion because i t is defined as the difference be
tween the maximum and the minimum of a series of par
tial sums . A dynamic program can be formulated by 
treating the partial sums as state variab l es . In this 
case , the sum of ranges Un is a function of ~1 par-

tial sums. Since the f inal states are not given for 
this problem, the forward recursive formulation is de
sirable . 

Let U*(S1 , s2 , ... ,S" ) be the minimum of 
n ,n ~n t"l,n 

the sum of ranges having an ending state csl,n' s2 ,n' 
SM ). Then, the following functional equation holds ,n 

* U (S
1 

, s
2 

, ... , s.. ) = n ,n ,n -M,n 

min{u* 1cs
1 1

, . .. , s. . 
1

) + 
n- ,n- -M,n-
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where AU = U - U 
n n n-1 (8.2) 

Although this dynamic programming approach is sim
ple in theory, the computational task involved is tre
mendous as M and n become large and the desired 
level of accuracy becomes high. If only a rough eval
uation of the effectiveness of a regional 1vater ex
change system is the main purpose in calculating U~ , 

such a computational effort would be wasteful. In the 
next section , a simplified case with some specific as
sumptions is solved . 

8. 2 Minimum Sum of Ranges Assuming Unlimited Wa
ter Exchange Capacities. 

If the constraint given by inequality (7 .1) isre
l eased assuming that the capacities of the water 
exchange lines are unlimited, constraint (7.1) is then 
simplified into 

r. . t :> 0 for all i, j and t 
l,J' -

(8 . 3) 

Such an assumption is obviously unrealistic and, ac
cordingly, the resultant measure of effectiveness has 
a very limited usefulness. However, it must be stres
sed that this assumption leads to an absolute m~nlmum 

for U* · which, regardless of measur es undertaken can-
n 

not be reduced further. Therefore, the reduction ratio, 
which is an indicator of the potenti al reduct ion. in the 
sum of ranges which can be brought about by the intro
duction of regi onal water exchanges . 

Before giving a solution to this problem, the con
straint set is reformulated by changing the contro l 
variable from r . . to A. t , which results in a 

l,J 't l, 
considerable simplification of the problem. 

From definition (7 .5), the phase space constraint 
of Eq. 7.4 becomes 

for all i and t (8.4) 

Since 

{ (rl. , 1. +l, t - r · 1 · ) + (r · · 1 - r · 1 · t )} 1+ ,1,t. 1 ,1.- ,t ~- ,1, 

(8 .5) 

can take on any val ue while satisfying the constraint 
of Eq . 8.3, any other constraint which includes this 
expression as a t erm is, in reality, .no longer a con
straint and may be e liminated . As a result, with the 
assumption of unlimited water exchange capacities,con
straints (7 .1) through (7.5) can be replaced as an i n
equal ity, designated by (8.4). The constraint set now 
becomes the phase space constraint (8.4), the massbal
ance equation (7.6) and definitio~~ (7 .7) through 
(7.13), as Eq. 8.5 . 



Another addition is the introduction of the nota
tion 6Rt and 6Ri,t , denoting an increment i n the 

sum of ranges and an i ncrement in the range of the 
stream i during the interval t , respectively. Ac
cor dingl y, 

6Rt R 
t 

- R 
t-1 (8 .6) 

and 

6R. l ,t R. 1,t R. l , t-1 (8. 7) 

Obviously, 

M 

6Rt L 6R. 
i:l l,t (8.8) 

and 

R n 

n 
L 6R 

t=1 t (8.9) 

Regarding the position of S. 
1 

in the interval 
- + l,t-

[Si , t -1' si,t-l] , let the non-negative values at time 

t - 1, Pi ,t- l' Qi,t-l' Pt- l and Qt_1 be defined re
spect i vely as 

p .. s+ - 51 t-1 • i,t- 1 i,t-1 ' 
(8 .10) 

Q m S i , t-1 i,t- 1 
- s-

i , t-1 
(8 . 11) 

M 

pt-1 = I p 
icl i,t- 1 (8 .12) 

and 
M 

Qt-1 - I Q iwl i, t-1 (8.13) 

Finally let the sign { }+be defined as 

for z > 0 

otherwise , (8.14) 

then it can be easily proven that 

where equality holds if and only if 

zl ~ 0 for all i c [l,n] (8 .16) 

or 
z. < 0 1 - for all i c [l,n] (8 .17) 

Using these notations and parameters,an important 
theorem and its corollary can now be proven for the 
case of unlimited water-exchange capacities . 

Theorem 1 

The sum of ranges of streamf l ows , interconnected 
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by water exchange networks having unlimited capacities, 
is a minimum at any n if and only if the deviations 
of streamfl ows from their means are controlled by ex
changing water so as to satisfy the followi ng condi-
tions at every t c[l,n] · 

~ > -x for all 1, 1 , t- i 
(8 .18) 

and either 

~ > s+ - s for al l 1 , 
i,t- i, t-1 i,t-1 (8: 19) 

or 

~ < s- - S for all 1, i,t- i,t-1 i,t-1 (8. 20) 

or 

for all i 

(8.21) 

Proof to Theorem 1 

Proof to this theorem takes two steps. The first 
step is to prove that 6Rt is a minimum when theabove 

conditions are satisfied at time t . The second step 
is to prove that if ARt is kept minimum in each in-

dividual time period, their sum Rn i s then automati

cally minimized . 

Proof to the first step. From definiti ons (8.7), 
(8.8), (7.7) through (7.12) and (8.10) through (8.13), 
6Rt can be rewritten as 

(8 . 22) 

+ {s~ ,t-l- min(s~.t-l' s1 ,t) }J (8 .23) 

M 
'~ [ { s+ }+ { - s }+J 

- L 
5i,t- i , t-1 + 5i , t-1 - i,t 

1•1 

Using the i nequality formula (8.15), 
M M 

~Rt > ll (~ . t - P. 1) }+ + { L [(-~ ) 
- 1•1 1, l , t - i"l i , t 

(8.24) 

(8. 25) 

+ 
- Qi t:-1 ] } 

' (8.26) 

- {~ - p }+ + {(-~ ) - Q )+ (8.27) 
t t-1 t t-1 • 

where equality holds if and only if A. t's satisfy 
1 ' 

one of the following conditions 

~i - Pi t-1 ~ 0 and (-~1 ) -Q1 > 0 for all 1, 
't ' • t 't-1 -

(8 . 28) 



or (8.29) 

6i - pi 1 < 0 and (-6i ) - Q > 0 for all i , t ,t- - ,t i,t-1- • 

or (8.30) 

6 - P < 0 and (-6. ) - Q . < 0 fo r all · i,t i:,t-1- 1 ,t i,t-1- 1 · 

(8 .31) 

By the rearrangement of (8 . 28) through (8.31), the eq
uality condition for (8.26) becomes: 

t:J.. > l,t- P. l,t-1 for all i • (8.32) 

6 i ,t!.- Qi,t-1 for all i ' (8 . 33) 

or 

- Q. < t:.. < p for all i l,t-1 - l,t- l,t-1 (8 .34) 

which is identical to conditions (8 .19) through (8 . 21). 

Recall now the constraint (8.4) imposed on t:.i,t 

for non-negativity of streamflows, that is , 

f:J.. > - x. for all i and t 
1 ,t - 1 

Let this condition at time t be the condition (8. 35), 
i.e., 

(8 . 35) 

Then for the equality of (8.26) to hold it is neces
sary t hat (6. t' i•l, ... , M) should belong to the 

l, 
intersection of (8 .35) and (8.32), or (8.35) and 
(8.33, or (8 .35) and (8.34); in other form the neces
sary condition is 

(8 .36) 

where 

(8 .35) n cc8.32) u (8.33) u (8 . 34)) . 

(8.37) 

It is unknown, however, whether 6. could belong to 
1,< 

n. for all -rc [l,t) regardless of streamflow x. , 
L 1. ,-r 

and accordingly the sufficiency should be examined.For 
this purpose it wi ll be shown that at least .one rule 
exists that determines a sequence of f:J.. so as to 1 , -r 
always belong to n. r egardless of x. 

, l, T 

Consider a rule of determining 6. l,T 

for all i and T , 

then it can be easily shown that 

such that 

(8 .38) 
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and 

From definition (7 .6) , 

- M xi T -
x L --•- - x ~ - x1 ii•l x i 

i 

Thus constraint (8.35) is always satisfied. 
6T ~ PT-l , then from (8.39) and (8.40) 

X 

(8 .39) 

(8 .40) 

(8. 41) 

If 

t:. > --1-P .. p 
i,T- M T-1 i,T-1 

for all 1 . 

I xi 
iel 

If t:., ~- Q,_1 , then similarly 

- Q <6 <P i , Y-1- i ,T- i,t-1 

(8 . 42) 

for all i . 

(8.43) 

fo r all i 

(8. 44 ) 

Thus the rule to determine t:. . , formula (8. 38) , al-
1,T 

lows for a sequence of 6 . to always belong to the 
l , T 

intersection n. regardless of x. for all rE(l,t]. 
• 1,< 

Consequently condition (8.37) is necessary and 
sufficient to make aRt minimized at any t . This 

completes the proof to the first step. 

Proof to the second step . When the minimum t:.Rt 

is greater than zero, either (8.32) or (8 .33) hol ds.By 
adding S. t 1 to both sides of those inequaliti es 

1, -
they become 

S > s: for all i i,t- l,t-1 
(8.45) 

and 

s. < s- for all i 
l,t- i, t-1 

(8.46) 



respectively. It implies t hat whenever 6Rt becomes 

~reater than zero, all the parti al sums of 
of st reamf lows , S. t , from the mean 

1, 
ar e 

side of either the l ower edge S~ 
1 

or 

deviations 
on or out-

the upper 
+ l ,t-

edge si,t-l of their respective previous range, 

Ri,t-l In other words, whenever a partial sum is 

beyond the previous range, all other partial sums are 
also on or beyond thei r previous ranges . It follows , 
therefore, that when LIRt is greater than zero, the 

previous decisions governing the sequences of partial 
sums, namel y, h01~ the sequences of parti al sums have 
reached limits , do not influence the decisions concern
ing fut ure sequences of partial sums, that is . those 
after t ime t . Hence, if 6Rt is minimum for all 

t~[l,n) , the sum R i s automatically minimized for 
all n . n 

This completes the proof of Theorem 1 . 

Coroll ary to Theorem 1 

The sum of ranges for streamflows, interconnected 
by wa·t er exchange networks having unli mited capacities, 
is a minimum at any t ime if the streams are considered 
t o be consolidated into a single stream with the inflow 
equal to the sum of i nfl ows . 

Pr oof t o Corollary. Since there is no capacity 
limit i n the size of water exchanges, s·treams can be 
considered as fully connected, namely as a single con~ 
solidated stream. Once all streamflows are consolida
ted into a single stream, there exists ·only one devia-

M 
I"-tion Lit From relation (7 . 6), 6 > - L x. . Hence 

t - i =l l 

condition (8.18) holds . By consol i dation ofstreamflows 
there exist only one cumulative sum of deviations St , 

and accordingly exists one s; and 5~ at every. t . 

Therefore St , i.e., (St_ 1+6t) belongs either to the 

interval [~~,s~_1) or to (5~_ 1 , s;_1) or [5~_ 1 , ~J 
at every t This satisfies the conditi on given by 
Theorem l. 

8. 3 The Minimum Sum of Ranges in Independent Normal 
Streamflows 

Using the corollary to Theorem 1, the m1n1mum sum 
of ranges can be calcul ated very easily for the case of 
unli mi t ed water exchange capacities . As for as the 
theoretical sum of ranges is concerned, however , very 
little can be said, except in those cases ~-o·here the 
s treamf lows have an independent identical normal dis
tribution. Although such condi tions are generally un
realistic, a brief inspection of such c ases wi l l point 
out some of the basic properties of the sum of ranges . 
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The expected value of range for a given period n 
of an independent normal random variable with di stri 
bution N(O,o?) , is given by Anis and Lloyd (1953) as 

l 

(8.47) 

In the case of M streamflows, each having an indepen
dent normal distribution and if there is no ~-o•ater ex
change among the rivers, the expected value of sum of 
ranges is simply a sum of all individual expected ran
ges; namely, 

(8 .48) 

However, if the M streams are interconnected by an 
unlimited water exchange network, they can be consid
ered as a s ingle consolidated stream. Therefore, for 
the minimum sum of ranges of a single consolidated st
reamflow, the previous formula becomes 

where pj~ is a lag zero cross correlation between 

stream j and stream £ • The values given by Eq. (8. 
49) are equal to those given by Eq. (8. 48) 'only if p j £ 

equals unity for all values of j and £ . Otherwise, 
E(U~) is alsays smaller than E(U~) . 

If 8~ defined by (7 .19) is used as an estimator 

of a* 
n 

(8 .50) 

which i mplies that t he maximum reduction ratio is on an 
average a constant independent of t ime period n . 

From expression (8 .50), i t is clear that the re
duction in sum of ranges is dependent upon the cross 
correl ation among the streamflows. If they are highly 
correlated, no substantial reduction is attainable, 
while in the case of low cross correl ation, and espe
cially when some negative correlations are present, the 
sum of ranges can be substantially reduced . This is 
simply the mathematical expression for intuitively ob
vious facts regarding the effectiveness of exchange 
methods. 



CHAPTER 9 

CASE STUDY IN THE CENTRAL WEST OF THE UNITED STATES 

The case study presented in this chapter useshis 
torical data of streamflows for obtaining the maximum 
reduction in t he sum of ranges with an unli mited water 
exchange network. The following are the results of 
this study and analyses of its practical implication. 

9 .1 Case Study Area 

The six rivers listed in Table 1 were selected for 
interconnection . The exchange lines were determined 
by both intuitive judgment based on the geography and 
by the availability of historical runoff data,as shown 
in Fig . 6. 

For the time being, lacking a better information 
on this aspect, the discussion is based on the intui
tive assumption that the last ~~ ·s , namely, a348 •s 

and ~29 •s , are more reliable than any of the others. 

The findings are listed be low, followed by comments . 

(1) Reduction ratios are larger for the four-river 
case than for the six-river case, although the ab
solute values of the expected ranges are higher 
in the six-river case. 

(2) Annual series show a larger effectiveness of water 

Table 1. Rivers and Stations in Case Study Area 

Rivers Stations of 
Sources of Data Interconnection 

Missouri River Pierre, S.D. Water Supply Paper No. 1309, 1729 

North Platte River Oskosh, Nebr. Water Supply Paper No. 1310, 1730 

South Platte River Jul esburg, Colo . Water Supply Paper No. 1310, 1730 

Arkansas River La Junta, Colo . Water Supply Paper No . 1311' 1731 
Rio Grande River Embudo, N . ~1. Water Supply Paper No. 1312, 1732 

Colorado River Lees Ferry, Ariz. Colorado State University collection 

Note: 1. Monthly streamflow data from October 1932 through September 1960 
have been obtained . 

2. ~1onthly data for the Missouri River at Pierre, S.D . , influenced 
by reservoir regulation, have been corrected by considering 
monthly changes in storage volumes in upstream reservoirs, the 
Fort Peck Reservoir in Montana, the Garri son Reservoir in North 
Dakota, and the Oahe Reservoir in South Dakota, (data obtained 
from Water Supply Paper No. 1309 and 1729). 

9.2 Computational Results 

Following the procedure given by Corollary toThe
orem 1, a~'s are calculated for four cases -- Case 1: 

monthly flows, six rivers; Case 2: monthly flows,four 
rivers. In case of four rivers, they are those of 
Table 1 excluding the Missouri and Colorado Rivers .The 
reason for omitting these two rivers in Cases 2 and 4 
is that their mean discharges and standard deviations 
are much higher than for the rest (see Table 3) ,so that 
the water exchanges would be determi ned for a ll prac
tical purposes only by these two dominant rivers. The 
calculated values for n* are listed in Table 2. n 

9. 3 Interpretation of Results 

It is difficult to draw a definite conclusion a
bout the exchanges from the available historical data 
alone . The time series of a~ does not appear to be 

either stationary or to have an asymptotic trend inany 
of the cases. If the streamflows are seri al ly i nde
pendent and normally distributed, the value of maximum 
reduction ratio for the sum of ranges must be a time 
invariant as the expression (8.48) implies. It is dif
ficult, however, to tell from results in Table 3 lvhe
ther n~ is independent of n . Such a test may be 

possibl e through the simulation of equally likely syn
thesized streamflows . 

22 

exchanges than monthly series, with about a 
percent difference in the reduction ratios . 
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(3) At best , loss than a 20 percent reduction in the 
sum of ranges can be expected with the postul ated 
operation at the water exchange network . 

Finding (1) suggests that the Colorado and Mis
souri Rivers may be separated from the North and South 
Platte, the Arkansas and the Rio Grande Rivers inter
connection pr oject. This may be expl ained by a rela
tively high cross correlation between these two domi
nant rivers as compared with the correlations among t he 
f our other r i vers . The cross correlation matrices are 
shown in Table 3. 

Fi nding (2") can be attributed to the positive 
difference between the serial correlation coefficients 
of monthly flows and than those of the annual flows.It 
also implies that it is more beneficial to construct 
storage reservoirs for within-the-year regulation than 
to construct water exchange networks for the partial 
regulation of within-the-year fluctuations . This im
plication is also val id from another point of view. 
Since flood control cannot be taken care of b y water 
exchange'networks, storage reservoirs are necessaryfor 
control ling flood discharges. 

Finding (3) may well be the most important ofthis 
case study . The question is whether or not 20 percent 



reduc~ion in sum of ranges is significant. This is a 
socio- economic question which cannot be answered by 
using the hydrologic factors alone. It should not be 
overlooked that, even if water exchange networks have 
not yet been constructed, considerable amounts ofwater 
from two or more basins are used in a complimentary 
manner. For instance, the irrigation area between the 
North and South Platte Rivers receives water from the 
stream which has more water. Therefore, a step towards 
the reduction of the sum of ranges may be practiced al 
ready without an exchange network. This fact can be 

taken into account by using the reduction ratio a~ 

minus that due to the already existing water exchanges. 
Even a 20 percent reduction in the sum of ranges may 
represent large benefits compared with the measure of 
constructing the most economical reservoir sites, be
cause of socio-economic, political, ecological, and/or 
geophysical constraints in building reservoirs . Such 
situations may exist in many areas, especially for 
t hose in which a number of reservoirs has already been 
constructed and additional increments of the total 
storage capacities are under consideration. 

Fig. ~. Schematic sketch of water exchange network system in the study area 
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Table 2. Maximum Reduction Ratios (Cl~) 

Case 1 Case 2 Case 4 
Monthl y ~lonthly Annual 

n Six River s Four River s n Si x Ri vers Four River s 

1 2. 3% 43.7% 
10 2 . 5% 46. 99• 1 10:7% 76.8% 
20 6.0% 68.9% 2 29.9'o 79.0% 
30 8. 4% 71.4% 3 6 . 3% 62 . 0% 
40 4.6% 52 . 79• 4 4.3% 53.8% 
so 5 . 0% 47.3% 5 4 . 0% 35.0% 
60 4 .9% 45.2% 6 5 . 2% 39 . 7% 
70 6.0% 42.8% 7 7.7% 42.5% 
80 7 .5% 43 . 9% 8 8.7% 42.5% 
90 7. 6% 44 . 9% 9 1 .7% 23.7% 

100 7.6% 44.9% 10 10.9% 41.8% 
110 4 . 0% 28.8% 11 14.1% 38 . 8% 
120 2 . 7% 35 . 3% 12 14 .1% 38.7% 
130 8.9%· 34 . 4% 13 14.4% 32.9% 
140 8. 9% 32 .1% 14 14.5% 30.1% 
150 8.9% 31 .8% 15 14.5% 30.1% 
160 9.2% 28.4% 16 14.7% 25 .5% 
170 9 . 3% 28 . 1% 17 15.2% 12.9% 
180 9.3% 28 . 1% 18 11.9% 10.8% 
190 9.5% 22 . 8% 19 9.9% 11.5% 
200 9. 7% 15 . 8% 20 12.2% 14. 2% 
210 11.1% 10.6% 21 7.2% 17 . 9% 
220 9.2% 8.2% 22 9.6% 17.9% 
230 7 .5% 8.5% 23 10.0% 19 . 0% 
240 9.8% 10.2% 24 10.0% 19 .0% 
250 4.4% 14.6% 25 10.0% 19.0% 
260 5 .4% 16 .1% 26 10.0% 19 . 0% 
270 7.9% 16.1% 27 10.0% 19. 09.; 
280 8.1% 16.1% 28 10.0% 19.0% 
290 8. 1% 16 . 1% 29 10 . 0% 19 . 0% 
300 8. 1% 16.1% 
310 8.1% 16 . 1% 
320 8. 1% 16 .1% 
330 8.1% 16.1% 
340 8 . 1% 16 . 1% 
348 8. 1% 16.1% 

Note : Four rivers are those of Table 1 except the Missouri and Col orado Rivers. 

Table 3. Standard Deviations and Cross Correl ation for t he Six Rivers 
in the Study Area 

(a) Monthl y standard deviations and cross correlation 

~10. N.P. S.P. Ark. 

Missouri 17 .1 
North Platte --:o83 .579 
South Platte .161 .499 . 766 
Arkansas . 304 . 232 .606 . 531 
Rio Grande . 297 . 215 . 513 .530 
Col or ado . 511 .087 . 394 .535 

(b) Annual standard deviations and cross correlation 

Missouri 
North Pl atte 
South Platte 
Arkansas 
Ri o Grande 
Colorado 

Mo . 

76.0 
---:6'56 

.264 

.109 

. 087 

.336 

N.P . 

3.38 
.438 
. 344 
.227 
.371 

S. P. Ark. 

3.78 
--:74'9 2.85 

. 505 ---:574 

.481 .519 

Rio. Colo. 

1. 10 
-:799 18.5 

Rio. Colo. 

5 .44 
-:78's 59 . 5 

Not es : 1. Diagonal el ements, underlined , are standard deviations given 
in 103 cfs . 

2. Off-diagona.l elements are cross correlation coefficients. 
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SUMMARY 

1. A drought is defined as conditions of a water re
sources system which are expected and relied upon by 
users, fai ls to be met. A water shortage is defined 
as conditions of those systems in which the potential 
water demand, which is neither expected ne:r relied upon 
but is desired for man ' s activities, is not satisfied 
af ter the devel oped 1vater supply is exhausted . These 
definitions are based and elaborated upon the basic 
philosophy which is common to all current drought de
finitions . 

2 . For the alleviation of droughts, there are four ma
jor external adjustment measures which are applicable 
to water supply- water use systems: uni-directional wa
ter transfer, water storage, water exchange anddrought 
insurance . The latter two measures are capable of 
dealing with drought problems once the drought has be
gun, 1o~hile the first two can only reduce the probabil
ity of drought occurrences and cannot help once a 
drought has started beyond the existing capacities of 
these measures . 

3. The Federal Crop Insurance Corporation is the only 
institution in the United States which offers a crop 
insurance against drought hazards . Based on its ex
perience,it is unlikely that a drought insurance pro
gr am can be expanded to cover anything other t han crops 
·on uni rrigated lands . A drought insurance for i ndus 
tries and/or municipal ities is concluded t o be realis
tic. 

4. A regional water exchange system, by using the bi
directional water transmission under pressure, can al
leviate drought situations by smoothing the regional 
water surpluses and deficits. Such water transmission 
networks may be established without huge economic in
vestments in large urban areas or megalopolicies. By 
smoothing water supply-water demand imbalances overthe 
space, the need for additional water s t oragecapacities 
may be reduced significantly. By this partia,l substi-

tution for water storage, the 'ever-increasing resis
tance against the construction of large reservoirs 
could be met together wi th the increased potential for 
drought control . Besides , since the exchange system 
can be beneficial to all the interconnected regions, 
the interregional disputes commonly involved in uni
directional water transfer can also be avoided or min
imized. 

5. In a cost-effectiveness analysis of variousdrought 
control measures, the regional variances and covari
ances of the water supply-water demand imbalances play 
a key role. A regional water-exchange system tends to 
be more advantageous than the other alternatives. for 
drought control when the spatial correlations between 
the imbalances are relatively low. 

6. As a measure of effectiveness for the regional 
water-exchange syst ems, the concept of the sum of ex
pected ranges is introduced. The amount of substitu
tion for storage capacity can be directly measured by 
the reduction in the sum of expected ranges. The max
imum substitution in the interconnected regions ismea
sured by a * , the maximum reduction ratio of the sum 
of ranges . n 

7. In order to max~m1Ze the substitution effect, the 
water-exchange syst em should be optimall y operated. 
This optimization problem is solved partiall y by i ntro
ducing the assumption of unlimited capacities in the 
water-exchange lines. 
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8. The analytical solution for the optimization pr ob
lem, developed in this paper, is applied using the 29 
years of historical data, and a hypothetical regional 
water-exchange system which interconnects the six ma
jor streams : the Missouri, North Platte,South Platte, 
Arkansas, Rio Grande, and Colorado rivers . The result 
is that the sum of expected ranges can be reduced ab
out 20 percent for this interconnected system. 
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