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DESARR01LAR RECURSOS HIDRICOS 

TROPICALES 

E. B. KruTis ·ff 

IN'1'HODUCCION 

Esla plhtica St' plan eo inlcialmcnte como introduccion 
cd proPlH'<(I suhre, reCllrsos hl d rieos tropiealcs. 

El simposio se e.-aporo y no estaba seguro de que esta nota 
[uese aIm prescntada. Su contenido eientifico es pequeno, 
pno se me acollsejo no rctirarla y tal yez as! quede justin
caela mi c1isensi6n de Ia limit ada aplieahilidad de las actua· 
tt'S Lecllieas meteorol6gieas. Es necesario reconocer tales Ii
lllitaciones si ya a rclaciollarse hOl1esta y provechosamente 
la ml'l('orojogia CUll los C()stos de desarrollo de reCll[SOS hi
d ricos --0 si SC' ampliara su yalo1' futuro. Finalmente, HUll

que ailora las consideraciones meteorologicas apenas tienen 

importal1('ia dominante, los eostos de muehos desarrollos son 
tall altos que hasta el ahorro de pequenas fraceioJles puedp 
~umar gran des cClntidades de dinero. 

COSTOS Y MONTO DE GANANCIAS 

Hahia una vez un labrador eerca de Tomhoctlj cuyn 
linra era clesigual: Ia lluyia ---su (mico recur;;o hidrico--
era \ariable y tenia un problema: (, eU(lnta semilla deb],l 
COlllpra r para lograr maxim as ganallcias? 

" JVoods Hole Oceanographic lnstitlltiun, )Vouds Hole, 1kl055., 
I },S./l. 
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GENERAL SESSION (1) 

COSTS AND METEOROLOGICAL TECHNIQUES 
IN TROPICAL WATER RESOURCES 

DEVELOPMENTS 

E. 11, Krurs" 

INTRODeCTION 

This talk was planned initially as all introduction to 
the proposed symposium on tropical water resonrees. The 
symposium has naporated and I was not sure if this llot(~ 

should be ,,(ill presented. Its scientific content is smalL 
I was ad.-ised not to withdraw, howen,r, and perhaps tbis 
may he jnstifled by my discussing the limited applicability 
of present mc!eorological t('c:hniquc~. It is necessary to 

reeognize these limitations, if meteorology is to he related 
honestly and profitably to the costs of water resources re
Yelopmellts - or if its future yalue is to he extended. 

Finally, although meteorological cOllsideratiolls arc hardly 

of dominating importance at present, the costs of mallY 
deyelopments is so high, that even small fractional sa\i ngs 
can inyolve huge sums of money. 

COSTS AND VALUE OFBENEFlTS 

There onee was a 1'arm('1' ncar TimImktn. His lalld was 
patchy; min --his only waleI' resou1'ee- was yariahle. He 

had a problem; how much seed should he hlly to reHp 

maximum benefits? 

* Wouds Hole Oceanographic institlltion, Iroods Hole, Ifllls",. 
U.S.A. 
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CUll cinta imap:inac:j')l1, llllCstro luJ.rallor siguio a Dorf
mail 1 119()21 al ('ollstruir d diagramC1 ric 

dc la L La cUtyn h rcprescnta d yaInr cuiculado de su 

('u;;"dm I'll Hna (',;tueirm con pluyiosidali nll'diu como fun dOl! 

de b illwrsioll C. Si mas semilla, [('nia que enlti
dl' S\l tierra mas poiJre. La re(;uperacion en SlI in
C:)lJSCClwlltl'll1Cntc:, disminuiria COil el aumcnto de 

cuslos. J'l'[JrI'sellt[llldose b difercncia cnlw p:anuncias y costos 
[Jor Ulla linea reela con pendiellte dc 1}·5° dcsde su origerL 
que illdicas(~ una proyt:ccion de e contra S1 miSIlla. J\Lis aIln 
de la intcrsecci()n de esa linea con 11 lOR costo;; l'xcederlun a 

la;-; ~anancias. IJas ndixinl[ts ganancjQs sc lo;rrarlGn con un 
h)~to c donil!' 

III 

Fig_ l.--~lk\l~ralll of ])('lIefi14,·o,[s (from Dorfman in ~bas et Ill., 
19(2). 

Being sophisticated our farmer followed Dodman 1 

(1962) in constructing the hencEI/cost diugrmn shown i,l 
Fig. 1. CurH~ h represents the expected yaIne of his hane:,[ 

in a median rainfall season as a function of expenditure c. 
If he huys more seeds, he will haye to cultivate some of hi" 
poorer land. The returns on his illYestment will therefore 
level off wi th inereasing costs. The difference between 
benefits and costs is represented by the distance hetween b 
and a straight line of 45° slope through the origin, which 
represents u plot of c against it>,el£. Beyond the intersection 
o[ this 1ine with b costs exceed henefits. Maximum profits 
would bc achicycd at a cost where 

d 
(b - c) = 0 (1) 

v en)" tangenle a b es la unidad. 
Supongase ahora que nnestro lahrador quiere una cose

eha en eantidad B-::~ para alimenlar a sn familia. No puede 

lUlnar Utl riesgo de 50/50 para ello. Si gasla c1 Pllede es

pnar que nhtenga IF~ Cll folo Ja milad de tiempo. En un ana 
COll pocas 11m ins tendria que eultinu mayor [uea con mas se
millas para tl'lll'l" IF. A base de ('sladislicas de llmias del 
Sl'nieio Ml'tl'oroJop:ico ealcularla Ia elll'\~a 1/ que represenla 

d lalor de lIna cosccha quc lop:raria ell ]lueY(' anos sohre diez 
(CO]] prcclos cOllslan!es). Puede, allora, inferirse que E'S nece
.~;tri() Ull ga~l() c~ para leller B"- con lIna probahilidad p = 0.9. 

Cinranwllle la difen'llcia c" ('1 suhe al yariar las lluyias. 
~l\csLro lahrador csla preparar10 para coner l1ueyc (le 

die~ ri('sgos, pero no Ie gnstaria tomal' oLros mayores. Ahora 
ha recordado que las esta(listieas a yeees se equivoean Y fjue 

jllwde haber una oportunidad 1/10 de que los climat610gos 

1 MAAS et al. 1%2. Design of W-ater-Resollrce Systems. Ihnard 
UniYer:,ily Press, Cnmhridgc, l\hssnchnsctts, pags. 88-159. 

and where the tangent to b is unity. 
Assume now that our farmer wants a haryest of quantity 

13-"- to feed his family. lIc cannot take a 50/50 ehance on 

this. If he spends e1 he can expect to get 13"- only half the 

time. In a poor rainfall year he would have to cultivate a 
larger area with more sc(~ds to get B'''. From Weather 
Bureau statistics of rainfall he computes the CUl"Ye h' which 
represents the value of a haryesl that could be expected 

in nine years out of ten (wilh constant prices). It can now 
he inferred that an expenditure c

2 
is necessary to get B¥; 

wilh a probability p = 0.9. Clearly the difference e~ - G
J 

increases with rainfall -variance. 

Our farmer is prepared lo take a nine in ten gamble 
hut would not like to take greater risks. He now remembers 
lllal statistics are sometimes wrong. There may he a 1/10 
clldllee of the Timbuktu climatologists haying underesti-

1 :MAAS ct al. 1962. Design 0/ TfI aler~Resollrcc Systems. Harvard 
UniversilY Press, Cambridge, l\Tassadlllsetts, pp. 88~159. 
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de Tombocl(1 hayan infraeslimado la posibilidad de sequia. 
As], caleula que la probahilidad de cosechar R" con gasto 
c~ no es p sino p' = 0.9 U - 0.1) = 0.81. Para lograr W:
con Ulla prohabilidad de 0.9 tendria que gastar c

3
• La cli

ferencia G3 - e
2 

es cl precio que pagani por clesGonfiar del 
Servicio Meteorologieo de Tomboetii. Es cl castigo de la 
ignorancia, castigo que cs una {un don de incremento de 
variancia natural de la precipitacion inducida por falta de 
i lIformacion sohre ella. 

Consideraciones similares se aplican principalmente en 
todas escalas a los dcsarrollos de reCl1rS(lS h1<1ric05. Los 
coslos allmentan con la variabilidad natural de nuestro re
curso. Cualquier falta de informacion 0 incertidumbre que 
podamos tener acerca de las propiedades estadlsticas de tal 
recurso aumenta sus costos en una eantidad que tiende a 
eOlllplicar <:>1 decto de su variabilidad natural. 

ALMACENAJE, DISPONIBILIDAD Y HENDIMIENTO 

1£1 desarrollo dc recursos hidricos implica su regulacion. 
COllsideremos cl Gaso extremadamentc simplificado clonde 
unH (~1m!idad ('specific-a u d<:> agua disponible rcndiria ga
naneias de ,-alor h, de modo que: 

mated the likelihood of drought. He therefore calculates 
that the prohability of harvesting IF with expenditurc c~ 

is not p but p' = 0.9 (1 - 0.1) = 0.81. To get IF with 
a probability 0.9, he would have to spend e;;. The difference 

("3 - c2 is the price he pays for his distrust of the Timbuklu 
Weather Burcan. It is the penalty of ignorance. This penalt: 
is all increasing function of the natural rainfall lanance 
compounded by the lack of information about it. 

Principally similar cOllSideraLions apply 10 all scales of 
waler resources development. Costs inerease with the na

tural variability of our resource. Any lack of illforrnation 

or uncertainty that we may have about the statistical pro
pelties of this resource further augments the costs at a rate, 
that tends to compound the effect of natural yariability. 

STORAGE, SUPPLY RATE AND YIELD 

The deyelopment of water resourees implies regulation. 
Consider the extremely simplified case where a specific rale 
of water supply u wonIa provide benefits of value h, so 

that: 

h- ben) (2) 

El agua que debe regularse por un almacenamicllto con ca
pacidud S, se relacionu con los costos pOl' 

c 

U H'l1dimlcntu natural de la lJrC~ll l'S y e y puedc scr su media 
sohre llll perlodo tm - to' DelJe esperarse gue el desarrollo 
incluya una perdida de conSl1mo <:>)1 cantidad f causada pOl' 
eYaporacion, filtracion y cfeelos similares. 

La cantidad U Illtllca faJlm-u SI: 

The supply is to be regulated by a storage of capacity S, 

which is reIn lea 10 the costs by: 

c(S) 

The natural yield at the dmnsite is )" alia Y lllay he its 
mean over a period tin - to . The development is expected 
to be associated with a eonsumptive loss of rate f, causel1 
hy evaporation, seepage, and similar effects. 

The supply u will never fail if: 

s + j'''(y -u fldt >10 

tk 

para cualqni(>f ]l('riodo arliii.rario lin - tli . 

Teoricamente las ecuaciones (1), (2), (3) Y (5) per
miten establecer la 1mb yentajosa combinacion de c y b, 0 

S y u. En ]a prkletiea la distribucion de probabilidad de 

t 

for any arbitrary period 

Theoretically equations (1), (2), (3), and might 
permit establishment of the most profitable combination of 
c and h, or Sand u. In practice Ihe probability distribu

tion of 

Y
1
<!11 = J m(y Y) dt 

Ill1llCa pllede especifiearse pOI' completo, pues depende de Ja 
di"l rillllCil)11 \ alllo-COI relncitJlI del l"l'lIdimic!llo nalll ral y. 
AllllC[\W "e eonocicse lolalmclIle, el problema ])\at('m[[tieo ge
n('ral de obtener ]a distribucion de Y

IOU 
para todos los po-

"ibles yalores de till lk parccl' no rcsuelto hasta ahora. 

tk 

can ncver be specified completely. It depends on the dis
tribution and the auto-correlation of the llatllral yield y. 
En~n jf these were fully known, the general matiH'lllllLieul 
prohlem of ohtaining the distrihution of YI()11 for all pussihle 
values tm t1, appears to he ullsohed so far. 
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TIEMPO T / M E ---

Fig:. :2.--- Cr"fi .. " de \Olttlllf'l1/ticlllpO. 

La iUllcic)]) de \ ull1lncll Y c" p()"iliYa durante periodos CUll 

relldimiento reall'l1 exceso del promedio y negatiya en perio
do:- COli rendimicntos ddicitarlos y Y = 0 para tI,m = to Y 

;;, tn' Para simplificar se ha calculado que u + I ('s conO:'-

lanle. La dcsigualdad \ 11 puedc ahora escrihirse: 

The volume function Y is positive, during periods when 
the actual yield is in excess of average, it is negative during 

periods of yield deficits and Y = 0 for tk = to' tm = tn' 

For simplicities I'akc, it is assumed that II + f is eOlls1an t. 

The inequality may now Ill' 'Hillen: 

S -1-- > (u + f- (4') 

que :ie rcsuelyc gnific:amcntc. 
La linea lIella PI! d l-'sqllema de la Fig. 2, representa 

la funeian Yom en algmm situacian hipotetica. La funcion 
es dada entollces por yarias line as rcctas con pendientes 

I -, Y que crllzall Ia linea Y una vez a 10 men os. En 
2 dos line as de esc grupo se muestran pOI trazos 

delgados disconlinnos. EI reqlli:-ilo de almacenamiento mi

JLimo para una cantidad disponihle u puede ahora obtener
"(' como maxima difereneia posihle entre U e Y que se ha 
tJlarcado pOl' linea gruf'sa discontinua en dicha figura. Al 
cOlIlrario, si se saLe la magnilud de almacenamiento, el 
l11iEmo diagrama permite derivar la minima cantidad lirmc 

que puede garantizarse como disponible en cnalquier tiem

po. De mallera similar, con registros suficientemente largos 
para y podriamos cspecifiear el almaccll<ll11iento l1f'cpsaric, 
para dar agua en una cantidad 11' con prohabilidad p. 

En la priictica las cosas no son tan Hleiles, aunque la 

presellte descripci6n hastani para indicar cl tipo de solucian 
cillpleada COmlllll11t'ntc para estahlecer relaciones entre de
manda_ all11acenamiento y rendimiento natural. Un obvio 
inCOllvelliente del metoclo es su dependeneia de Ull mucstreo 

de eSGurrimiE'nto de agua limitado pOl' d tiempo. La incer
I idumhre rl'sultallte dc nuestra ('stimacibn de Y se rdh:ja-
1'[l en mas altos co~tos como Sf' ha discl1lidu prc,iamenle. 
El prohahll' error de muestreo de Y amncnta al decreeer In 
lluracibn del regislro dc 

which ean be solved graphically. 

The full line in the sehematic Fig. 2, represents tht~ 

funetion Y in some hypothetical situation. The function 
U

IGH 
is the~~n given by a set of straight lines, with slope 

n + f );- -whieh cross the Y line at least onee. In Fig. 2 
two members of this set are shown by the thin hroken lines. 
The minimum storage requirement for a supply rate u call 
now he obtained as tbe greatest possible difference br'lln-en 
U and Y. It is marked hy the heavy broken line ill the 
present figure. Alternatively if the size of the storage .i~ 

given, the same diagram permils derivation of the minimum 
firm supply, which can he guaranteed to be m-ailable at 

any time. In a similar way, with a sufficiently long n~e()nl 

for y, we eould speeify the storage, needed to slIpply waler 
at some rate u' -with probability p. 

In practiee, eonditions are not as easy. The present de

scription may suffice, bow eyer, to indicate the type of ap
proach, commonly used to establish a relation helween de

mand, storage and natural yield. One obvious drawbaek oJ 
the method is its dependence on a single time-limited sample 

of water flows. The resulting uncertainty in our estimate oJ 
y will h(~ n:f1cc!l'd in 11 igher C(j8tS as diseussed preyious1\'. 
The prohahle sampling error of Y increasl'S wilh d('crea"ill~! 
record length of y. 
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Las lecnlcas metcorologicas pueden usarse bajo circuns
lancias fa I-orahles para confi rmar estimaciones de caracte

rlsticas de renclimientos y ot.ras variables que entran en las 
ecuaciones (1) - (l'J) _ Se necesit.a que el incremento resul

tante en informacion sea a la vez verdaclero y aceptahlc 
como para caIcuIar el desarrollo y solamente aSI pm'de in
f1uirsc direetamentc en sus eostos_ 

Los siguientes ejcmplos se apoyan en algunas experien
cias person ales y necesariamente son aislados y Iimitados, 
pero una discusion mas sistemat.ica y amplia rebasaria el 
presente objetivo y serra de dnclosa significacion_ 

EJEMPLOS DE TECNICAS METEOROLOGICAS QUE 
AFECTAN LOS COSTOS DE CONSTRUCCION 

Los costos de construccion --en el caso presente Ia rela
cion (3) - pueden reducirse adapUindose con inteligencia a 

las variaciones estacionales 0 diarias del tiempo_ En 1955 
se rompio una nueva presa de tierra en Kenya OrientaL EI 
contratisla atribuyo el desastre a insuficiente capacidad del 

yertedor de demasias causada, a su vez, por subestimaeion 

de la mc1xima retencion de prec:ipitaciones pOl' una depen
dencia orieial del Africa Oriental. Aparentemente estaba en 
10 eierto, pues hubo una fuerte tormenta_ Pero, eon una ea
paeidad para mas de 35,000 eueecs de reteneion en unas 40 
millas cuadradas, el n~rtedor pareeia muy adecuado y sor
prendentemente sin sefiales de deterioro_ Partieipe. en la in
ycstigacion y por liltimo encontramos un testigo local que 

yio romperse 1a presa. En apariencia no se abrio por arriba 
SillO por ahajo, deteniendose pOl' 11l10S segundos y aun minu

tos como un arco_ Sc hizo un estudio de los metodos de cons· 
trueeion y enrocamientoo que fillalmente expIiearoll Ia rup
tura por compaetacion seca_ EI eontratista habia tcnido que 
acarrear agua para humedecer el relleno de la presa al eons

IruirsC', costosa opnacion que subcstimo el decto de evapo
racion ecuatorial durante la sequla_ 

La ruptura de la presa pudo evitarse con IlSO dc mas 
aglla 0 humedeciendola durante la noche a menol' costo. Un 
elemental caleulo meteorologico indicaha que la evaporaeion 
a medio dia era, pOI 10 menos 20-30 veces mayor que en la 
lloche_ En este caso, un simple conscjo meteorol6gico se hu
hie~c pagado a S1 misll10 ampliamellle_ 

A yeces es posible en algullos casos, usar pronosticos de 

tiempo a pesar de su probabilidad para hacer mas eficiente 
las operaciones_ Por ejemplo, en el Australian Snowy Moun
tains Dewlopment se ellviaron grupos hidrograIicos a pe

quenas Y Trmotas corrientes indicadas pOl' pronostieos me
teorologicos, originandose mas rapiclas estimaciones que si 
sc huhiese l1luC'streado al azar. 

ESTIMACIONES DEL HENDlMIENTO 

E:l anillisis hidrologico en l()~ tropicos sufre invariahle

lllt'llli' pOI' lu illud('cnado de l()~ rCf!'istros dt~ ('sclirrimit'llio. 
I'~ll 11ll (1)SO Ilpico apcn1)S lwhia s()lal1l(,llt(~ ]'('f!'istros (Ie po

cos auos Ulll1 para eonstrucci611 de pre-sas_ Ticnen que ha

cerse series y de m,1s largo tiempo para an£tlisis para co-

Meteorological techniques can be used under favour
ahle ciremnstances, to firm up estimates of yield character
istics and of the other yariables that enter equation (1) -
(4) _ It is necessary that Ihe resulting increase in informa

tion is both true and aeceptable as sneh to the designers 
of the development Only if both is the case, can it haYe 
a direct hearing on deYelopment costs. 

The examples below are based on some personal ex

perience. They are necessarily motley and limited, hut a 
more systematie or exhaustive discussion would he beyond 
the present scope and could he of doubtful meaning_ 

EXAMPLES OF METEOROLOGICAL TECHNIQUES 
AFFECTING CONSTRUCTION COSTS. 

Construction costs in the present case the relation (3) 
- ean be reduced by intelligent scheduling with regard to 
seasonal or daily weather variations_ In 1955 a new earth 
dam failed in Eastern Kenya_ The contractor attrihuted the 

disaster to insuHieient spillway capacity, due in turn to an 

underestimate of maximum catchment rainfall by an East 
A.friean government agency_ Superficial evidence supported 
this claim_ There had heen a heavy storm_ But with a ea
pacity of more than 35,000 cucees for a catchment of 
some 4,0 square miles, the spillway seemed very adequate 

associated with the investigation and we finally found some 
and showed surprisingly little sign of damage_ I became 
local witnesses who actually saw the dam fail. Apparently 
it was not breaehed at the crown, hut first broke through 

at the bottom, remaining standing for some seconds or eyell 
minutes afterwards as an arch_ This led to a study of con
struction and placement methods, which eaused the failure 
too he attributerl finally to dry eompaetion_ The eontraetor 
had to eart water in order to moisten the dam fill during 

placement. This is a costly operation and he underestimated 
the eHect of equatorial c\aporatioll during the dry season. 

The dam hreak could have been avoided either by use 

illg_ An elementary meteorological calculation suggested 
of more water or more cheaply - by watering in the eyen
that the evaporation rate at noon was at least 20-30 times 
larger than at night. In this ease, simple metcorological 
adviee could have ,"cry amply paid for itself. 

In some instances, it is possihle to use weather foreeasts, 

in spite of their probability nature, to make operations 
more efficient. For example, in the Australian Snowy Moun
tains Deyelopment, hydrographic crews were sent to remote, 

small streams on the hasis of weather foreeasts. This pro
duced rain ClEWS for those streams more quickly than 
would have been the ease on the basis of random sampling. 

YIELD ESTIMATES 

Hydrological analysis in the tropics is hampered ill
variahly by Iht' illatkqllHt'.y of H'corilp<l strparn flows_ Iil 
11 typical case tlwrc may Lc ouly a Jew ycars ]'ecords aI-ail· 
abJe from a prospeelin~ damsite. The longer lime series of 

y needed for analysis will han; to I)e established by cor-
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rrelaciollLlr COIl SltlOS COIl mas largos registros disponibles y 
el caracter de tal corrclacion podni. variar con In estacion 
o el tipo de siluacion sin6ptica que da origcn a lluvia. En 
este caso sera uti! establecer varias regresiones "parame
trieas". Puedcn usarse eomo medio de diseriminaeion y pa
rametros para las diversas regresiolles las observaeiones de 
viento, presion 0 precipitaeiol1 en puntos distantes. 

Las estimaeiones de promedios de gastos tambien pueclen 
ser afeetadas pOl' camhios seculares del clima loeal 0 de 
condiciones del almaeenamiento, EI medio siglo entre 1895 
y 1945 tendio a sel' mFlS seeo que los periodos anterior y 
posterior, atm en tropieos y subtropieos. La amplitud del 
cambio iue mayor en los bordes de las zonas aridas y en 
el easo extremo de Aden aleanzo en los registros disponibles 
una diferencia de casi 80 por ciento entre los promedios de 
precipitacion para los primeros 30 anos de esta centuria y 
el perlodo anterior. En el caso del Nilo la diferencia entre la 
descarga media en Astlall antes y despues de 1898 suli)e a 
mas de 30 pOl' ciento 0 27 x 109 metros clIbicos por ano. 
Se han comprobado cambios simultiineos de magnitud simi· 
lar en Australia, Africa del Sur y el oriente de America del 
:\orle. 

La precipitaci6n depellde de la circlllacion, pOl' 10 cual 
no es sorprendente que tal tipo de eambios no afecte apa
rentemente a la generalidad de las regiones monsonicas del 
Asia Sud-Oriental 0 del Suroeste de Estados Unidos. Sin 
embargo, euando se registra eomo en la mayor parte de 
las regiones tropicalcs, su existencia puede tener importan
le dE'cto ell lllIE'st ras cstimaciones de reCl! rsos hiclricos ;
debe considerarse en todos los easos doneIe las condiciones 
SOil marginales. 

Si no hay certidumbre sobre promedios todavia habra 
menos sobre incidellcia de avenidas 0 sequlHs extremas, pues 
pOl' definicion las estadlsticas no se prestan uSllalmente para 
estimar la probabilidad de un eyento dado. Existen de rna
llera eierta algunos limiles flsicos superiores para 1a magni

tud de inundaciones y tormentas que las causan. Las tceni· 
cas meteorologieas 0 mas bien hidro-meteorologieas se han 
usado para estimar tal limite. A pesar de ello, en nuestros 
dias no tenemos habilidad para manejar cuantitativamente 
la fisica de Ja £o1'1nacion de lluvias y los fenomenos dina
micos meso-escolares para emplearlos satisfactoriamente atm 
en latitudes templadas. Las dificliltades aumentan en los 
tr6pieos ~como 10 prucba el proyeeto Kariha de Hhodesia, 
donde inundaciones de magnitud inesperada colmaron dos 
\eces ulla presa en contruccion en un sitio que probablemen
le se hablCl estudiado tan hien como cualquier olro en los 
tropicos. 

Ell su mas amplio Sl'lltido d rcndimiento no solo se rcfiere 
al agua de 1111<1 eorrit'nlc. POI' ejf'mplo, al plm1l'arse la iniga
cion de una area algodonera en cl Sudan se tenia que cal

cular la descarga durante la breve e illtensa estaeion (k 
IImias. Los ('oslos del "i~I(,!lla ,Ie descarga (lepPJHlian cfiti" 
l'alllClllc rlt; In probahilirlad de incidl'tJ('ia SilllUlLCUlC<l de la

rias tormentas eOlneetivas sohre el area irrigada. No se dis
pOllia de observaciones 0 infonnaciones sobre tormentas con-

relations with siles that have longer records m-ailahle. The 
character of this correlation is likely to vary with the season 
or the type of rain producing synoptic situation. It is useful 
in this case to establish seyeral "parametric" regressions. 
Observations of wind, pressure or rainfall at distant points 
ean then be used as a meallS of discrimination and as para· 
meters for the different regressions. 

Estimates of the average yield may also be affected by 
secular changes of the local climate or of the eatchment 
conditions. The half century between about 1895 and 194,') 
tended to be drier than the preceding or following period~, 
through most of the tropics and suhtropics. The amplitude 
of the change was largest at the fringes of the arid zone. 
In the extreme case of Aden, it amounts to a difference of 
about 80 per cent between the rainfall means for the first 
30 years of this century and the preceding period of m-ail
able records. In the case of the Nile, the difference in the 
mean discharge at Aswan before and after 1898 amounls 
to more than 30 per eent or 27 x IOn cubie meters per year. 

Simultaneolls changes of similar magnitude have heen do
cumented for Australia, South Africa and eastern North 
America. 

Rainfall depends on the circulation. It is therefore not 
sUl]Jrising that this pattern of ehange apparently did not 
affect most of the monsoon regions of Southeast Asia or 
of the Southwestern United States. Howeyer, where it did 
occur, and that is the major part of the tropical regions, 
its existence can have an important bearing on our estimates 
of water resources and it should he considered in all eases 
where conditions are marginaL 

If we are uncertain about means, we are eyen more 
uncertain about the incidence of extreme floods or droughts. 
Statistics are usually inadequate to estimate the probability 
of an event which is rare by definition. Some physical upper 
iimit to the rnagnitmks of floods and the storms that cam'.' 

them, does exist almost certainly. Meteorological or 1110re 
precisely hydrometeorological techniques ha\'e been den~l· 

oped and are used to estimate this limit. However, our ability 
to deal qualltilatiyely with the physies of rain formation 
and meso-scale dynamic phenomena is insufficient at the 
present stage to make these methods fully satisfactory even 
ill temperature latitudes. The difficulties are compounded 
in the tropics -- as evidenced by the Kariba project in 
Hhodesia where floods of unexpected magnitude, twice top
ped a coffer dam during constmclion, at a site which pro
hably had been investigated as well as any to he found 
in the tropics. 

Yield in its widest sellse does not deal only with water 
in a stream. For example, the planning of a cotton irrigation 
area in the Sudan had to make provision for drainage 

dnring the hrief but illtel1Se raillY season. The costs of the 
draillag(' sy"U'lYl tlq)('ll,ll;(! crilically IlpOIl the prol,abilily or 

~;inlqll~llH,t,u:--; ()(T~ItTt'll(,{, 11f H'\('ral cOIi\Tf'ii\'(' ~!()rJn:; 0'"('1 

the irrigation area. No ohscnalionai eYidcllCI~ or informa
lioll \\a~ c1\-ail"hlc on the areal exlent o[ C01l\cctiyc storm:" 
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\~ee:tiv[ls 0 su distrihucion regiollal y no hay aim base para 
lales estimaciol1cs en Ja teOI'lL! existentc. Las lecllicas me

tcofu16gicas COil radar puciiel'oJl sel' lllilcs ell tal caw. 

EL usa DE LA METEOHOLOCIA PARA REDucm 
PERDIDAS Y AUMENTAR HENDIMIENTOS 

La eanlidad f en In ceuaci6n (tI,') representa eierto 
indice de perdida de agua adicional, es decir, una redllC'
ci6n del recurso disponible. Es esencial recordar ahora que 
la cvaporaci6n de una presa, por ejemplo, 110 es enteramel1-
Ie una perelida por conSllmo, en el significado real de la 
palabra. Antes de ser cOl1struida se habra peridido cierta 
canlidad de agua por evapo·transpiracion en la localidad de: 
la obm y dIu habra in£luenciado cualesquier rcndimien· 
lo ell ese "ilio. La perdida pOl' eOllsumo ell este easo es 
igual a la evaporacion en Ia sllperfieie de la presa menos 
la evapo·transpiraeion en la misma area antes de eubrirla el 
agua. Ambas 5e han calculado para una apreciacion satis· 
factoria de 11.1 perdida pOl' eOllsumo f en la ecuacion (4/). 

Puede SCI' posihle reducir perdidas l' allmentar rendi· 
mientos pOl' varios metodos tales como buen manejo de cap
taci61l, reduecion de evaporaeion pOl' peliculas mono-mole
culares l' tal H'Z siemhra de nubes. Sin embargo, en el 
presellte estacIo de Ia tecnica es daramente imposible pro· 
noslicar el cambio real en rendimiento que pueden producir 
lales operaeiones. SiencIo as! no afeetaran el planeamiento 
Y pOl' eonsiguiente, el costo de ese nuevo desarrollo. Entre 
yarias posibilidades, probablemente la uniea que afectaria 
d C()~to de nneyos desarrollos cCipitales en el futuro previsi· 
1>/(' es impedir la evaporaeion. 

PRONOSTICOS Y USO DE AGUAS 

EI miembro restallte en la ecuacion (4) fue la canlidad 
de agua de uso u, In cllal se eonsidero constante al discutir 
t>I almacenaje, Ja disponihilidad y el rendimiento. En Ia prac· 
tiea no constitllye un problema. Snpongamos que una presa 
Ht a usarse eon el dohle prop0'iito de producir fuerza l' 
cOlll,rolar inundaciones. Si insistieramos en produeir fuerza v 
('11 cantiJad eonstan te de modo continuo telldriamos que 
cor.struir nna presn mas grande y co£tosa para irnpedir de
,rames y danos pOl' avenidas en los mismos per.lodos. 

Sin embargo, con aceptables pron6sticos de escurrimien
los y si fuera necesario de pl'eeipitaciones, no tendrlamos 
qlle construir una presa mayor. Pudriamos descargar agna 
gradllalmentc anles de nna tormenta -nsandoIn tal vez 
con alglll1 proyecho para producir mas energia. Eso clejarfa 
espaeio en la presa para el aporte de la avenida; dcspues, 
Jrr prcsa estaria lIen a otra vez para una cantidad firme de 
fuerza de modo eontinuo. 

Hay dos prohlemas; primero, s610 podriamos eonstruir 
UlJa pequefw presa 8i asegurasemos la confiahilidad de los 
pronostieos, y despw;;s el eastigo para el mal pronostico que 
delermino la accion puede sel" mayor que el heneficio de 
ll111chos huenos. POl' ejemplo, en el caso presente, si la ave· 
lIida pronostieada ]]0 llegase, hahria despues un deficit de 

in that region and there is little foundation in the existing 
theory for allY theoretical estimate. Hadar.meteorological 
techniques might well ha,e helped in such a case, 

THE USE OF METEOnOLOGY IN LOSS HEDUCTlON 
AND YIELD AUCMENTATION 

The quantity f in equation (4.') represents a rate of ad· 
ditional water loss, that is a reduetion of the available reo 
source. It is essentiial to remember in this eonnection, that 
the evaporation from a reservoir for example is not entirely 
a consumptive \I'aste in the present meaning of the word. 
Some water will have heen lost by evapo·transpiration from 
the location of the reservoir hefore the dam was built. This 
would have influenced any yield records at the dam site. 
The eonsumptive waste in this case is equal to the evapora
tion from the reservoir surface minus the evapo-transpi
ration from the same area before it was water covered. 
Both have to he estimated for a satisfactory assessment of 
the consumptive waste f in equation (4'). 

It might be possible to reduce losses and increase yields, 
by various methods such as catehment management, eva· 
poration reduetion hy mono-molecular films and perhaps 
e10ud seeding. At the present stage of the art, however, it 
is dearly not possihle to predict the aetual change in yield 
that might be produeed by these operations. This being the 
case, they callnot affeet the design and therefore the cost 
of new developments. Of the various possibilities, evapora
tion prevention is probably the only one likely to affect 
the capital eosts of new developments in the foreseeable 
future, 

FORECASTS AND WATER USE 

The remaininf': item in equation ('1/) was the ratce of 
water use ll; this was assumed constant in discussing stor
age, supply ratc and yield. In practice this is not likely 
to he the case. Assume a dam is to be used for the double 
purpose of power production and flood control. If we did 
insist to produce power a continuing constant rate we would 
have to build a bigger, more expansiye dam, to preyent 
spilling and flood damage at same periods. 

However, with reliable forecasts of streamflow and if 
necessary rainfall, we would not need a bigger dam. We 
could release water gradually hefore a storm - using it 
perhaps with some profit to produce additional energy. This 
would make room in the reservoir for the incoming flood. 
Afterwards the reservoir would be full again, for a con· 
tinuing firm power supply. 

There are two catches in this. Firstly, we csuld only 
dare to hnild a smaller dam if we eould predict how 
reliahle the forecasts arc going to be. Seeondly, the penalty 
for a had forccast which is acted upon, can he larger than 
the benefit from many good ones. For example, in the 
present case if the predicted flood did not eome, there would 
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agua. Cualldo menos la reduccion initial pnede afcclar la 
]Holluccioll de fuerza haeicndola mel1()~ dicicnle por un lar
go inlen alo. Pam l'<jniliIHur c~e mill pronost tCO sedan Ill'

cesarios llludws bucnos ell csl(~ casu. Hcalmeillc hulJiese sido 
tal vez mel:- haralu operar In prc~a por un cOlljunlo (k re
glas fijas sin necesidad de pronoslicos --0 consl.ruir una mas 
grande. 

EI argumeuto lleva a la misma conclusion que otro sohre 
aumento de ]'cndirnienlm:. Los pronoslicos cllantitatinlS elt' 
prl'cipitaci6n son ineiertos y nu pucci\' cspeciIicarse su confia
bilidad. POl' el hecho dc estar disponibles tampoco pueden 
afectar el planteamiento de un proyeeto 0 sus costos de des
arrollo en los tiempos aetuales. 

CONCITSJOi'\ Y PEI{SPECTlVA 

Al meteor6Iogo que trahaja eon ingenieros hidr610gos lc 
cUllvienen sentido eomlm y juicio meteorol6gico, pues ten
lira poeas oportunidades de trabajar a niycles mas altos (b 
talento profesional. Puede ser que muehos de 11ueslros aetua
les datos de campo sean demasiado burdos para metodos 
111<18 avanzados. Los estudios basicos que pueden eambiar 1a 
situaei6n llO se rea1izan facilmenle en cl empleo, pero estaria 
m[lS contento en un aetivo departamento universitario. 

Es inutil formular programas para investigaciones origi
nales. Sill emhargo, me gustaria terminal' mencionando tres 
objetivos a largo plazo. 

(a) La producei6n te()rica de s('clIl'llcia!' de tormentas y 

series de tiempo de eseurrimientos pOl' ecuaciones 
de dinamica atmosfhica y con espeeificaei6n mate
matica de parametros clim,lticos 0 topografieos lo
cales; entonces seria posible estudiar propiedades 
estadlsticas sin ocuparse de las deficieneias de re
gistro ; 

(h) Cambios de turhul('neia yertieal ell condiciones tran
sitorias u horizon tales no-uniformes; hasta que el10 
pueda entenderse es imposihlc pronostiear evapo
raci6n, por ejemplo: 

(e) Un entendimiento de los eambios del tiempo de altO 

en ano. 

Ninguni1 de las tres cosas son objetivo de inyestigaci6n 
inmediata y reallstica. Tampoco podrian reeomelldarse a Ull 

f~stlldiante de doctorado para Sl1 tesis pOI' ahora. Son obje
tivos di5tantes, pero 5i podemos eneararlos, mejoraria nul'S' 
tro entendimiento y podriamos aplicar la mcteorologia m[IS 
illt('nSaJm~llt(~ a las tecnicas del desarrollo. 

be a water shortage later. A t the wry least, the reduetion 
ill head may cause power production to remain less efficient 
(or a long illlenal. .Many good forecasts would he needed 

in this case', tn balanec thc ha([ oJ]e. III actual Inct, it would 

ha\'(~ heen prohahly cheapl'J' to operale the (lam hy a set 
of fixed rules, without regard to forecasls or to build a 
higger dam. 

The argument leads to the same eonclusion as the OIle 
about yield augmentation. Quantitative forecasts of rain
fall arc uncertain; their reliability cannot be specified. The 
fact that they may he availahle can therefore not affeet 
the design of a project or its development eosts at the 
present stage. 

CONCLUSION AND OUTLOOK 

A meteorologist who associates with water engincers, 
may need meteorological judgment and common sense. He 
will have little opportunity to work on a high level of p~'ofes
sional sophistieation. It may well be that most of our present 
field data are too crude for more advanced methods. The 
basic studies whieh might chanee the situation cannot be 
pursued easily "on the joc", but would be more at home 
at an aetive uniyersity department. 

It is futile to formulate programs for hasic research. 
I would like to conclude however, by mentioning three 
likely, long term goals: 

(a) The theoretical generation of storm sequences and 
stream flow time series from the equations of atmo
spherie dynamies and from a mathematical speei

fication of local climatic or topographie parameters; 
it would then he possible to study statistical pro
perties, without regard to record shortage; 

(h) Vertical turbulent transfers in transient or horizon
tally non-uniform conditions; until this is under
stood, it is impossible to predict evaporation, for 
example; 

(c) An understanding of weather changes from year to 
year. 

None of the three items area realistic, immediate researeh 
ohjeeliYes. None could be reeommended to a Ph. D. student 
for a thesis at this time. They are distant goals. If we ean 
approaeh them, it would improve our understanding and 
would help us also to apply meteorology more intensin~ly 

to teehnical developments. 




