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RESERVOIR OPERATION DYRING DROUGHT PIRIODS

Abstract

This report discusses some of the unresolved
problems in reservoir operation and develops a method
of operation using sequential analysis of critical
drought periods. This method can be applied to both
historical and synthetically gencrated records.,
Probabilities of occurrence can ve determined in both

cases.
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The above sketch shows the interrelationship between
the principal variables that have to to taken inito account
when determining the yield of a dam under drought conditions.,

The assurance of supply for any one usage depends on
the hydrological factors of inflow, rainfall on the dam, and
evaporation from the dam, which are lardgely unpredictable, and
the operating rules which are predictable. The risk of failure
is therefore a direct result of the unpredictability of +the
hydrological factors, of which river flow is the main component.

FProverties of river flow

Most of the major dams in South Africa have carry—over
periods of more than one year. The effect of ‘variations of
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daily or monthly flows is of less consequence than variations
in the annual flows.

tiany hydrologists have long thought annual flows to be
randomly distributed, Gauss or Gauss-igrkov processes. This
being so, it sﬂould be possible to determine the relationship
between tne parameters of the freagquency distribution function
vnich best fits the observed flows in a river, and the reser=
voir size required to meet various drafts.

A number of methods have been proposed for determining
this.

Non-geguential analysis

Hurst (1951) proposed that the total reservoir capacity
R required to sustain a constant gross draft equal to the mean
inflow during a period of N years could be derived from the
relationship

R = s.(g)H

where s is the standard deviation of N successive inflows, and

H a constant with a value of 0,5 for independent Gaussian
procegsses. However, Hurst and others have found that the wvalue
of H varied from 0,5 to unity for many hydrological and other
geophysical phenomena. This has led to a controversy regarding
the true nature of the frequency distributibn function ("Hurst's
Ghost") which is still raging in hydrological circles.
(Mandelbrot and Wallis 1968).

Langbein (1965) maintained (erroneously in my view) that
sequentigl analysis of inflows using the classical mass-curve
method introduced by Rippl provided unique answers which may
be deceiving in accuracy. He proposed the use of queouing
thecory by which the flow duration curve could be related to
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storage requirements, and the frequency derived with which a
proposed reservolr would contain various amounts of storage.

Stochastic reservoir theory, which uses matrix algebra
as its principal tool, has been described by Lloyd (1967).
A number of authors have used this method including Steinijans
in his recently published paper in the Transactions, of the
South gfrican Institution of Ciwvil Engineers (1970).

All non-sequential analyses rely on the acceptance of an
assumed freguency distribution function, and their reliability

is therefore dependent on the accuracy of this assumption.

Sequeéntial analysis

Segquential anglysis is till the traditional method in
South Africa, the USi, and probably in most other countries.
In the Department of Water Affairs mass flow analysis of the
historical record is used exclusively. Where the historical
record is deficient, the record is extended, and missing flows
are derived by rainfall/run-off correlation or by correlation
with the run-off of adjacent catchments.

The main advantage in the use of the historical record is
that there can by no doubt that it is a reliable set of data
generated by the hydrological processes in the catchment.
However, as it is extremely unlikely that the historical flow
sequence will repeat itself within the life of the project,
caution must be exercised when using past historical records
to predict the future assurance of supply of a reservoir.

The future

Reliable answers to the problem of assurance of supply
can best be provided by the sequential analysis of a syntheti=
cally generated record of at least 500 years long. The
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ceneration and analysis of a record of this length is well
within the capacity of presently available computers., The
only major diffieculties are the determination of the frequency
distribution parameters of inflow,‘rainfall on the dam surrface,
cvaporation frod the dam surface, and the correlation between
these factors. Regional studies will enable these parameters
to be determined with greater condidence.

It is oy view that we should begin to wean ourselves from
tne exclusive use of tne historical record, and begin supple=
menting our analyses with those of synthetically generated
Tiows, despite tihe many pitfalls (knovn and unknown) that lie
ahecad. By following this road wie will ge a cleares insight
into the degree of assurance of supply from our reservoirs.

inalysis of critical drought sequences

A series of critical drought sequences can be derived
from the record (historical or generated), plotted on prova=
pility paper, recurrence intervals determined, and then
selected seguences corresponding o the required recurrence
intervals can be analyses to determine the safe yields for
various drafis.

This method of analysis is now used routinely for drought
analyses of the Vaal River system, and more recently for Vers
woerd Dam.

The attached report by myself dated January, 1971 (Appendic A)
describes the method; and the report of PFebruary, 1972 by
¢.S. James is a worked example for Vaal Dam. {Appendix B).
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f RESERVOIR OPLRATION DURING DROUGHT PERIODS
1
1. TNTRODYUCT TON
1.1 WThen a dam is rull, ﬁredicting tne future gafe yleld

for droughts of varylng severity can be accompliphed
without difflilculty by routine methods of anclyocic, Ono

of these Ls the uce of the past hicstorlical Tlow and the
determination of the 'assured yleld'! baved on the
assunptlon that future drougints will not ne more severe
than the worst drought experienced in the past, MAnothor
nebhod is that given in tho Wits HRU Roport 2/69 (Chaptor 3
ppy 11-17). The VWits method hae the advantaze that tiho
relatlionshlp between the draft and droughtas of varying
goverlity can be deternmined, Vhen using historical flovs
in the analysio, 1% must alwvays be borne in mind that only
a single peguence of rflows 1s used which may or may not be
typical of the catchment and vhich will certainly nevor be
repeated again in future.

1.2 Both the above mothods are of doubtrful value vhen
assessing the safe yleld from a dam which is only (gay)
half full at a particular time., If the flow during the
inmediately preceding years was woll below average and
the critlcal perliod of the historical record is upcd Tor
forward projection, then this implice that the whole drouzht
period {(immedlatoly preceding sub-normal yeara plus critical
period from the higtorical record) will be amuch mor¢ severe
than the past historical record itsolf. Howover, there is
no way of telllng how much more sovere it 1is.

v 1.3 The method proposed in HRU 2/69 (Chaptexr U, paras 4,6
\ and 4.7) makes the same assumption 4,0, i% statos the
. problem as follows: "At what net rate may wator be drawn
\\ from tho reservolr such that a reserve of R units will not
be encroached upon ghould the inflow from this day onward
-~ be that agsooclated Wivh a droughi sequence having o L-year
- return period?H

\.

AY

1.4 The impllioation of both of theo above assumptions ls
that the drought will be far more severe than that originally
uged to determine the safe yioeld of the dam, The seoond
iaplication 1s that Lf the future operatlon of a reservoir
1s to be determined by 1ts storage level at a glven time,
then the safe ylelds of owr reservoirs should be re-appralsed
a8 they will be signiflcantly less then those derived in the
conventlional way. If we are to be conslstont in our analyases
of the safe ylelds of reservoirs, the problem should he

/reatated ,,...,




1.6

1.7

seatased op followa:r AT whabt ot roto mzy wabtor Lo Graun
from the recervoiv enchr thatb a TU”GLVv or N p“iuu will 1ov

be encroached upon ghould - aﬂ. . Crom T time the dan
legt ril)ied ve that “assos WOUSnY BequenGo “having
a Wiycar revurn period?' (or that of bqunl acverity to tho
worsc exporlienced during the historleal record).

The difrercnce 1n approach can beot be explatned vy
means of an erxample:-

Asouming that a safe draft of 100 walits hne bheen
determined using clther the historical vecord or thc (IRU
aethod for (oay R.I. = &0 ycars, Tne method of anslysis
is n"aculy tho anmo jn both caseg, the only dirfercnce
being vhe assuned inflow patitcen, ITn both casceg a Tull don
would be able to sgustein tho Grafi and would Just reach tho

escrve level at the end of the crivical porled L.e. vhaiover

P N

cne water level in fthe dom the calculated drart can bo
mALneainga ﬁbov*con the 1fiflove are not losa than those
cgsuned in thne inlvial calculation., CGlearly the warning
glgnol for the imposition of water resitricilong should Dbo
the totel inflow since ths dam was last Tull i.e. the
severity of the present droughl, and nol some arblirary
water level in the dam,

In dowrmininb reaervolr operatlon procedurcs, wo
should first of all determine the reserve storage. This
regerve ghould be baged on & severa drought (aay 100 yeor
R.I.), and the abgolute minimum Pequlroments for the arca
being served, The rescrve requirced during esch month of
the ycar can then be doverained., Once this reserve is
fixed, the safe yield o?f the dam can be determined from
elther the historicel flow or cgsumed inflow patterns Tor
various frequencie2, This draft will be maintained in
safety regardless of the amount of water in storage at any
particular time provided the inflow pattern ia not nore
severe than that assumed in the initiai caloulations,

If several years have elapoed since the dam was last
full and the water 1in storage is low, 1t would naturally
be wige %o carry ouwt further calculatlions, The purpose of
these caloulations would be to Getermine whether or not the
actual inflow pattern was more severe than the assumed
inflowa and also what draft could be maintalned should %the
drought worsen, The method of analysis is given in the
following section of thease notes,

/2. THY ANALYSIS




2. THE ANALYSIS

2.1 The basic data required for this ananlysie arc a long
£ record of monthly viver flew (hiatorical or oynthetic)
:1 and a corresponding record of net evaporatlion (grous

evaporation less rainfall),

2.2 Using the standard method of ranking and plotiing on
; orobablility paper the cumulative annual flow - frequency
éE relstionghlip can be deteramined for the worst L2 months,

: 2 consecutive yearas, 3 consecutive years, etc, for each
rrequency (see Pig. 1}.
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2.% For any particular R,I, (say 20 year) the worot possible
inflow during one year would have a value 's! In Pig, 1.
The worst two year sequence would have a value of {(a + b),
making 'b! the flow in the second year of the worst two year
sequence, The worst five year asequence would be made up of

flows a, b, o, 4, e.
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2.k In o rive yeoar drought the actusl annuel flow would
nave to be that enclosed in the envelope contalned by the
sequences o0,---,e and ¢,---,a ag ghovn in Pig. 2, = =
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2.5 From the point of view of dam operation, the worst

Tive year sequence would be the one where tho annual flow
decreases with time i,e. in the order e, 4, ¢, b, a, This
exposes she greatest surface area to eveporation., Ve
cannot legliimately asgsume that this particular sequonce
hag the same R,I, as the data from which it was derived
(1% will have & higher R,I, i.e. more severe), but it is

nevertheless adopted rfor the present calculatlon,

2.6 Before proceeding with the calculation 1% is necccssary
to derive the monthly flows for each year, The mcthod
adopted in HRU 2/69 is to determine the average monthly
flow as a percentage of the annual flow for all years when
the annual flow was less than the ¥.,A,R, Thls wothod makes
no allowance for the variance of the flows for eaoh month,
A better method is %o determine the frequency distribution
of flows Ffor each month ag well as for the annual flows
{thie 18 best done graphiloally)., The flows for each month
of the year for a particular R,I. are derived and totalled,
These totals wlll naturally be a lot less than that for a
Year of the same BR,I, Xnowing the annual flow for &
partlcular R,I,, the monthly distribution is obtalned fron
the oum of the monthly flows whose total equals the annual
flow, The prooess 1lé repeated for each annual flow,

2.7 Net evaporation does not vary greatly and the average
of the five hlgheat figures for each month of the year will
provide a satlsfactory estimate for the whole of the oritipal
period,



2.9

2.10
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For gny partlcular R.I, we now have a series of aniual
flows with assoclated monithly flows and monthly cvevoration,
Theee ere ranked in order of decreasing annual flow,

Using the standard programme, the maximum draft 1o
deterained on the agpunption that the dam is Jusgt cmply
{or Juat reaches the reserve storaze) at the end of the
perlod, The analysle 1s best carried out in reverage
chronology. Thls drarft can be sustained for any drought
equal o or less gevere than the one assumed regerdleas of
the _stete of the reservoir et any tinme.

There is & note of caution, If the analysis shows
thet the critical storage ls developed iIn the firct year
of the sequence (last year LT the analysis ieg in reverso
chronology) then the length of the sequence should bo
In¢creasged to ensure thet the moet severe condltions are
included in the ansalyalie,

The whole process lu reveated for other R,I's s8o that
a geries ol say 50, 20, 10 and 5 year R.I's 1s obteined,
¥or each of these, curves can be drawn on a graph showing
nininur’ flow for successlve yoars ac schown in Fig. 3.
The cumulative inflow ls obtalned from the calculation
outlined in para 2.5 above end the assoclated safe draft
from the calculstion in pars 2.9,
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2.14

Lasumlng that the ectuwal drelt weg say 130 unliz,
the dan would be @ble to sustain this for any drought
equsl To or legs than that of a 10 year R,I. Ve can
Geternmine the severity of the inflow since the den wes
loast full by plotiing the subgeouent inflow ageinst tliae
oG An Pig., 3, If this inflow Lls lese than the curve
Tor 10 year R.I, then the dam can no longer sustaln the
drafs should the drought continue, The curves can not
Do used to determine the new safe draft i.e. it Lls nog
120 in the above case, but eome lesser draft which nas
sv11)l to be deteramined,

The posifiion now is that the dam is {(say) LOS f£ull
and that we are experiencling a drouzni of greater geveriiy
than that for which the draft was determined, The queetlon
Ls what drafts cen be mailntelned should the present severity
continue or become worge?

Let us consider what the maximum gafe draft would be
to sec us through a 20 year R,.I., drought, We have elrcady
determined the minioum annual {lowg for this drougnt
(a, b, ¢, etec. in paraz3), Let us acsume that the actual

flows since the dam was last full werce:

year flow during yesy

13%
2nd
rd
th
51h

e B IR

P
r

We now have to estlmate what the worst successlve
Tuture inflowe could be Af we were in a 20 year R.I,
drougnt period,.

The successlon of flows could be written in order of
occurrence since the dam was last full ss followsi~

year 1 2 % 4 5 now 6 7 & 9 10

w— o

fiow ¢ h L 3} k ! 8? t7 u? v? w?

The minimum flow In year & would have to meet two
conditlions i.e.

s = a and 84k <% add

as 'a' and (a 4 b) are regpectively the minimum 1 and 2 year
inflows for a 20 year R.I. drought,

[ve ...,
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2.15

2.17
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Wo can prewrlite vials as:-

(i) I2 x > b then g w a
otherwige g8 = &4 + b - Kk,

(11) 1wk > b anda (3 +2)> (G +v)
then 5= &, U=D

otherwise
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Continue determining the annual flowe in thic way
o make ar geries of three to five addiftlonal teras,

We now have a serics of annual flows which would
acacclated with a 20 year drousht seauence, Ta LA

the scouznce s one ol deereasling severltyr, bu
reservolr ias q*;cody at g low level, the dillerance 1y
evavorailon losses between a ser.es of dCCx?CLiﬁS and
Ineressing oEVePiuy 1g uniilkely to be signitficont.,

The calouliation explalned in vares 2,6 to 2.9 iz
then carried out but starting wilh the dam &t 4077 codccity
and ending with an empiy dan or at the reserve storaze
(vice versa if the calculation ig in reverse chronology).

Repeet the calculation for other R,.I. droughts and
plot the resulis on a new grapn similar to Fig. %, bug
with the sterting point¢ the reduced storage in the dam
&8 snown in Fig, 4,
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2.18

2.19

3.1

3.2

Assumning tnat in vicy of tac ilins drovghy tac
Anart Lo reduced to 90 units (R.m. - 50), but onee ¢LLa
the ootuel inrlow falls below the R.L, = bG curvu Wne
imoiication Lo that the dvouriit nas nox boeonld m0“~ aoverse
than o B0 year R.I, dwroughi and even tac ned acaft cannot
be sustained Lf the drought continues ai this severliy.
Undor %hese cilrcumstances, a Tresh sot of calouiations

must be made as before, and the draft reduced silld further

%0 wmeev the more severe condltiong.

~

&hou¢a tne cona$uiot“ inorove rather thon dsbeylorave,
then by continulng %o plot inilow on FLy., 3 {entond iy ;r
nececoary) 4% can be ssen whaes the criginal dealt oan be
re-instated, Thia will be ulen the CULULALEVE AnTLoW

1
ezain risces s&bove the R.I. = 10 curve,

DRATE PATTIRN
R SR

o mentlon was m:da of the Gra”t vasters [L.o, the
sage Y 1 z

&l
e aend . mta e a0 N
boacing coacen monta ol T

wercensage of tie annual dra 2
vear) in the ovove analjs“u, Phig Lo oo functlon of tho
craft Lteelf ond must slzo be deternined, In toe culs of
& perticular dam for c¢xample, the distrlibution mizav 2o
ga Tolloweg.-
Denana
Total drarlt Urnan Incuniricl Terio-oticon
o / o
Vad ¢l 7~

(a) 4 150 units 100 100 100
(b) 40 - 150 * 95 100 GG
(¢) 1%0 - 140 " 85 90 75
(a) 120 - 130 * 80 30 25
ete,
Knowing the monthly demand pattern for urban, lndustrial
and irrigation usage respectively, the monthly dum&ﬁd pautern

expreceed ag a percentage of tue total annuzl demand, and
thus the draft for each month can be determined,

/5.3 oo



3.3

Another polint worth bearing in inind is that the
tririgation demand pattern (ond to & esser extent the
urban pattern) Ls also a funcilon of the severity of tho
drouzht i.e. in dry years thae proporilonate dermand in tho
monthe of normally high rainfaill will be greater than in
wet yearsa, Whether or not thie factor chould be takon
into account will depoend on the method of controlling the
ugage ol water when restrictions are ilmpoged,

Pretoria
20.1.7%.



C1ro
Ber. S, :.OO
Reg., 300

~2- 1372

VAAL DAM - DETERVINATION OF R“SERVE STORALGE

————

The aiw of the analysis is to dctermine The svorzge
required in Vaal Dam t0 ceter for severe drougnt conditions.
Two cases are considered, viz. four-year drought secuecnces
with recurrence intervals of 100 and 200 years.

CALCUL ATICNS

Monthly ran-—off values for Vaagl Dam from Oclvobver 1923 w0
September 1871 were subjected to a drought-flow Ifrequency
analysis by computer. From tne results seguences orf 1, 2,
3, 4y 5 and 6 years were selected and plotted on log- |
provavility peper using vne Weibull plotting position (Mo 1.

L table (Table 1) was drawn Qp from tais plot giving
. o

Lo
t0 recurreace intervals of 5, 10, 20, 50, 100 and 20C years.
The valuaeg on this table were adjusted with the obgecb ot
congbeuctbing a fumily of curven having closor relalionahps
than were exnibited in the original plot. This was aculeved
by idealising existing sequential relationships betvween
values in the same c¢olumns qnd rows., The adjusted values

were plotted in Figure 2.

The successive differences between cumulative Jlow
valuan for recurrence intervals of 100 and 200 years were ©
culated to give annual flows for cousecubive years (Table 2).
It will be noted that the annual flow for tne fourth year
is higher for the 200 year sequence than for the 100 year
sequence and consideration could be given to further adjust-
ment of Table 1 to change tais,
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The annual flows were distributed into monthly flows
according to Table 3 which was derived as follows :

' The annual flows from historical records were divided into The
ranges indicated. In each range the flows for each month

of the year as well ass the annual flows were totalled and

eacn monthly total then expressed as a percentage of tine

annual total.

: Demand projections were done fFrom October 1971 wntil
;fSeptember 1977 for Vaal Dam to Bloemhof Dam and for Bloemnof
Dan to Maselsfontein at the coafluence of the Vazl and Orange
fRivers. The values were btnen added to give thne total demand
 §for the whole river. These projections were vased on actual
no-resiriction demand figures and the assusption that
;municipal and industrial use (including that of the Rand Vater
“Board) will continue to increase at the rate of 6%% ver

fannum 25 is the present trend while irrigation and river

~losses will remain constant.

Monthly net evaporation was calculated by menns of the

- foraula En =K E -~ P where En = Net evaporation
Eg = Gross evaporation
K = Evaporation coefficient

b
il

Precipitation.

. The evaporabtion coefficient was obtained from tablss in
~ "Xorrelasie van Verdamping vanuit Symons Panne en Opgaar-
_damfie in  Suid-Afrika" by Muller and Alberts, The relevant

 extract is shown as Table 6.

Calculated and gauged evaporation and precipitation
figures from 1923 to 1971 were used and monthly net evaporation
calculated using the above formula. By oomputer the monthly
figures for each year were added to give annual net evapora-
tion values and the mean of these values was calculated.

Also, the values for each month of the year were added and

the means calculated from these results the monthly distribu-
tion table for net evaporation (Table 7) was constructed by
the same method as described for the monthly distridbution
table for inflow {(Table 3).

The / ...
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Tne moothly net evaporaticn figuras for the entire record
were subjected to the same frequency analysis by compuber as
nad been the moanthly run—-off figures. For each seguence 1 to 0
years the ranking was reversed to descending order and the
values plotted on loz-prodbability paper using the ‘Weibull
plotting position (Fig. 3.). The curves were not adjusted as
in the case of run-off as evaporation has a relatively
insisnificant effect on the analysis as a whole., From the
vlot cumulative values were taken for 100 and 200 year recurrence
intervals and the annual net evaporations calculated by
successive subtraction (Tables 8 and 9). The annual net evapo-
ration figures were distributed into wonthly figures according
to Tavle 7 (Tabvles 10 and 11).

The iaflow, net evaporation nnd demarddata were analysed

by compubter and the vesults expressed in figures 4 and 5.

3. INTERIRETATIONS

It will be noticed that the curve of re:uired capacity
for a drouzal of recurrence intsrval 200 years lies below
that for a drought of recurrence interval 100 years during
the third year {(1974). Tois anomaly nas not been investigated
tut might be due to the adjustment of the curves and the

differsence in monthly distribution.

The storage requirements indicated in the results of tnis
analysis should be regarded as being more severe than would
actually ve the case in the event of droughts of the nature
considered., Reasons for this are tnat all demand predictions
were made on the basis of unrestricted use throughout the
drouzht period and that it was assumed that Vaal Dam will
supely all demands for the whole river downstream, i.e.
Bloemhof Dam was excluded and rwn-off frow the whole catchment
area baelow Vaal Dam was ignored for the purpose of this
exercise.

4 /v



4. METRICATION

It will be noved that all the work was done in Imperial
uwnits. Tiis is due to the fact that not 31l of the coumputer

programs used have beein converted.

Pigures 4 and 5 ave given in metric uwnits as thesc are
the portions of the report that will be used in practice.

C.S, James,
Vacation Student

Supervisor: qﬁ\
d.Jd, Viessels,

venlor Hydrologisy,
Department of Water Affairs.

4/2/1972.




TABLE 1: ADJUSTED CUMULATILVE FLOWS (mopren frot x 103)

Period(years) Recupronce Interval (years)

5 10 20 50 100 200
1 277 215 176 145 126 112
2 940 670 539 440 385 356
3 2 100 1 130 308 165 698 650
4 1 900 1 500 1 300 1 200 1 170
5 3 000 2 200 2 000 1 900 1 870
6 2 7150 2 550 2 500 2 450

TABLE 2: ANNUAT,  PLOWS  (WORGTY FISET % 10)

Recurrence Interval (years)

5 10 20 50 100 200
Firgst year 126 112
Second year 259 244
Third year 313 294
Fourth year 502 520
Fifth year T00 700

Sixth year 600 580
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TABLE 31 MONTHLY  RLOL  TIZTRIBUTION  AS I RECENTAGES -
0¥  THTW  AUNUAL FLOW {(FLOWS IN MORGTWN PEIT W 103)
Annual
Slow O N Iy J n in A A J J A =

50-150 0,8 6,6 10,6 28,1 26,9 14,3 6,2 2,4 1,6 1,3 ¢,8 C,4
250-250 2,1 718 14,1 25,5 23,0 14,3 6,2 2,5 1,5 1,4 1,6 ¢C,7
250-350 2,7 9,3 17,% 23,6 20,1 13, 6,0 2,2 1,4 1,4 1,0 G,%
550450 3,1 10,5 19,5 22,1 16,0 13,6 6,1 2,3 1,4 1,3 1,0 1,1
$50-550 3,4 12,7 20,8 21,3 16,6 13,4 6,2 2,5 1,4 1,3 1,0 1,2

% 50-650 3,6 12,8 20,4 20,6 15,5 13,12 6,4 2,5 1,4 21,3 1,0 1,r°

$50-750 3,8 14,0 20,6 20,0 14,7 12,5 6,4 2,5 1,5 1,3 1,1 1,5

dnole 6,1 13’0 16,‘? 15,5 16,9 11,6 5,4 3,6 1,3 2!3 1,2 3111-




TARLE 4: MCONTHLY FLOVS

FOR DROUGHT OF RECURRENCE ,
INTERVAL 100 YEARS (FTOWS TH NORIEN FERT x 107)

0
First Year 1,008

Second Year 6,943

Third Year 8,451

Fourth Year 17,068
Fifth Year 26,600

Sixth Year 21,600

N D Jd F

8,316 13,3% 35,406 33,894
24;087 45,325 6i,124 52,059
29,109 54,775 73,868 62,913
58,734 104,416 106,926 83,332
98,000 144,200 240,000 102,900

75,600 122,400 123,600 93,000

18,018

36,001

43,507

67, 2¢8

90,300

78,600

A M
7,812 3,024

15,540 5,698

18,780 6,886

31,124 12,550
44,800 17,500

38,400 15,000

2,01¢€

3,620

4,382

7,028

10, 500

8,400

J
1,638

3,626
4,382
6,526
9,100

7,800

2,333

2,817

6,024

9,100

7,200




TARLE 5:  NONTHLY FLOYS FOR DROUGHT CF RICURKENCE 3
INTRRVAL 200 Y7228 (FLOFS IN LORGIN 87 x 107

0 N D J ? N A W J J
Frst Year 0,896 7,392 11,872 31,472 30,128 16,016 6,%44 2,688 1,792 1,456
Second Year 5,124 19,032 34,404 62,220 56,120 34,892 14,884 6,100 3,660 3,416
Third Year 7,938 27,342 51,450 69,384 52,084 40,856 17,640 6,468 4,116 4,116
Fourth Year 17,680 60,840 108,160 110,760 86,320 69,680 32,240 13,000 7,280 €,760
Pifth Year 26,600 ¢8,000 144,200 140,000 102,900 90,300 44,800 17,500 10,500 9,1C0
Sixth Year 20,880 74,240 116,320 119,480 8¢,900 7%,880 37,120 14,5C0 8,120 7,540

TABLE 6: EVIECRLTICH  COZRRFIOI =il
J F 14 4 I J J A S 0

Resion C 0,82 0,66 c,88 0,86 ¢,80 c,c4 0,55 0,87 0,83 0,81




MORTHLY PLOV
INTRERVAL 200

R DROUGH?

?  HKTCURRENCE

TiRS (FLOYS TR EQMGEL FEIT x 10°)

0o N D J P X A 1 J J A )
First Year 0,886 7,392 11,872 31,472 30,128 16,016 6,944 2,688 1,742 1,456 0,898 0,440
Second Year 5,124 19,032 34,404 £2,22C 56,120 24,892 14,884 6,200 3,660 3,416 2,440 1,705
Tnitrd Year 7,938 27,342 51,450 69,324 52,094 40,806 17,640 6,468 4,216 4,116 2,940 2,564¢
Pourth Year 17,680 60,840 103,160 110,760 86,320 69,680 32,240 13,000 7,280 6,760 5,200 6,240
Fifth Year 26,600 98,000 144,200 140,000 102,900 60,300 44,800 17,500 10,500 6,100 7,700 9,100
Sixth Year 20,880 74,240 118,320 119,280 €&¢,¢00 7-,880 37,120 14,500 8,120 7,540 5,800 6,980

TARLE 6 EVi¥CRATICH  COBRMICIRNYS

- J ¥ 1 i I J J A S 0 N D
Rezion C ¢,82 0,66 0,88 0,25 ¢, 90 0,94 0,85 0,87 0,83 0,81 0,87 0,83




TARLE 7:

Annual net
evaporation
(inches)
—3 25
25 - 30
3¢ - 35
35 - 40
40 - 45

45 - 50

50 ———>

whole Record

21,97

16,18

10,66

12,72

11,54

9,86

9,85

11,57

n

1¢,81

1,44

7,82

1,22

10,48

10,24

©,75

§,53

28,90

13,86

4,87

10,43

9,40

MNOKTHLY Lal BVAIORATICN IS8T HIBUTICL AS
_EBRCE:DIGHS OF ANBUAT W7 VS OEIUTL,
J I M A L J
14,3% C,21 -1,38 4,08 ~0,9C 14,19
7,64 9,79 -C,53 6,52 , 24 7,04
8,56 5,88 5,80 6,45 5,53 6,90
7,32 5,7 3,00 6,31 ¢€.06 7,22
7,70 5,05 8,55 5,79 6,64  €,45
9,19 7,686 5,02 5,50 7,24 €,58
8,73 6,61 8,36 7,77 5,35 5,33
&,2: 6,39 5,5 6,32 6,07 §,04
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Period DLCURBENCHE  TRTERVAL (YBARS

(years)

5 10 20 50 - 1OQ 200

P

88,9 39,1
79,8 8G,0
104,0 105,0

L mo

L‘L 153,0 154,0

5 164,0 165,0
6 227,0 228,0
TABLE 9:  ANMUALL  NBT  EVATORATION (ThCHRS)
RECURRENCE  INTZRVAL (YSARS)
5 10 20 50 100 206
Mirst Year 38,9 39,1

Second Year 40,9 4G, 9
Tni»d Year 24,2 25,0
fourth Year 49,0 49,0
Fifth Year 31,0 31,0
Sixth Year 43,0 43,0




TABLE 30: MONTHLY NET EVAIORATION

(TNCHES)

RECURLELCE INTRUVLL 100 Y=ARS
0 N D J F i A M J 3J A 3
First Year 4,95 2,81 3,87 2,87 2,25 1,17 2,45 2,36 2,81 3;33 4,47 5,57
‘Second year 4,72 4,29 3,56 3,15 2,07 3,50 2,37 2,72 2,64 2,19 4,25 5,48
Third year 5,32 2,64 6,99 3,47 0,05 -0,33 0,899 0,22 3,43 -2,61 3,32 1,15
FPourth year 4,83 5,62 4,37 4,50 3,76 2,46 2,70 3,55 322 3,55 4,82 6,23
Fifth year 3,30 2,42 1,51 2,65 1,82 1,80 2,00 1,73 2,14 2,89 4,27 4,45
Sixth year 4,96 4,51 3,7% 3,31 2,27 3,686 2,49 2,86 2,77 2,30 4,47 5,76




TABLZ 13: MONTELY XZET EVARORATICH >
REC ‘?;-Jvu TIEERVLET. 200G LR
O N D J ¥ M A I

First Year 4,97 2,82  3,8¢ 2,89 2,28 1,17 2,47 2,37
Second Year 4,72 4,29 3,56 3,15 2,07 3,50 2,37 2,72
Third Year 5,48 2573 7,23 34598 0,05 -0,35 1,02 ~0,23
Fourth Year 4,83 5,02 4,37 4,50 3,76 2,46 2,70 3,55
Fifth Year 3,30 2,42 1,5 2,65 1,82 1,80 2,00 1,73
Sixth Year 4,96 4,51 | 3,75 3,31 2,17 3,68 2,49 2,86

4,25
3,43

4,82

4,27

4,47

6,23
4,45

5,76




100 YEARS

INTERYAL

OF RECURRENCE

CAPACITY  REQUIRED QUUING DROUSHT  SEQUENCE

YAAL

F M A M

A S O KB

FHA M)

4 A S O H DJ

197)

F.u A N

A S 0O N D

F H A H

H

4

F)

P

| AT

1815

1974

1872




CAPACITY REGUIRTD DURING DRAUGHT

VAAL DAM
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