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PREFACE

Report No. 1/78 is a reproduction of a thesis which earned
its author, M.S. Basson, the degree of doctor of philosophy
in the University of the Witwatersrand in April 1978.

The research on which the thesis is based was conducted over

the period January 1976 to December 1977. During the final

six months of this period the work formed part of a contract
entered into between the University and the Water Research
Commission whereby the Unit undertook to study specified aspects
of flood hydrology. Research into some of these is still in
hand. The Water Research Commission however has been providing
substantial financial support to the Unit since 1971 and it

is therefore a pleasure to acknowledge this help and the
permission of the Commission to publish this report.

Although the subject has been developed with specific reference
to Vaaldam, the procedures and computer programs devised can
readily be adapted for use with any reservoir system. The
report proves in effect that, provided adequate precipitation
information can be rapidly communicated to a central computer
programmed to operate a simulation model (kept "warmed up"
continuously during the flood season), the hydrograph of input
to the reservoir can be predicted and the necessary pre~releases
{and subsequent operaticns) can be calculated such as to
minimize downstream damage while ensuring that the reservoir
will be full after the flood has subsided.

The work has shown that in the case of Vaaldam the benefits

in the way of reduced downstream damages would far exceed

the cost of establishing and operating the requisite telemetered
rainfall cbservation network and computing system. Research
into the economic feasibility of weather-radar monitoring of
catchments is proceeding. .

I take this opportunity of thanking the officials of the Weather
Bureau and of the Department of Water Affairs for their ready
co-operation in the abstraction of hydrometeorclogical data

from unpublished records.

. Ay
. Midgley ,
Director - Hydrological Research Unit April 1978
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SYNOPSTIS

Severe damage and inconvenience resulting from floods, particu-
larly in recent years, prompted research into the merits of
advance warning procedures. The principal aim of this research
was to develop a flood forecasting system whereby river response
to storm rainfall could be simulated hours or even days in ad-

vance, using only rainfall data as basic input.

By initiating the forecast computations with rainfall in prefer-
ence to streamflow input, warning of floods can be appreciably

advanced, with the result that there is more time for evacuation,
if necessary, and earlier pre-releases can create greater volumes

of storage with much improved flood attenuation capability.

The study was concentrated on Vaaldam, which is perhaps South
Africa’s most important multi~purbose storage unit but for which
there is no storage space officially allocated to flood control.
Situated immediately upstream of an important urban and industrial
complex, Vaaldam offers all the essential characteristics needed
for a study of this type. Reasonabkly satisfactory data were
available for purposes of testing and calibration of the system

developed.

River flow regponses to storm rainfall were simulated by means
of catchment models developed by Dr. W.V. Pitman of the Hydro-
logical Research Unif, the "daily-input" version being employed
for initial calibration and warm—up and the "hourly-input®
version for simulations during the flood proper. The models
were calibrated with some difficulty owing to the paucity of

streamflow data in the tributary systems,

Sensitivity of simulated flood flows to variations in the dif-

. ferent model parameters was tested and the length of "warm-up"
period to achieve stabilization optimized. To establish the
optimum number of rainfall stations to be monitored or interro-
gated, spatial correlations of catchment rainfall were examined.
With the object of checking streamflow prediction, should receipt

of rainfall records be delayed, observed rainfall was correlated




(ix)

with weather forecasts. With- -the appropriate catchment model

it is possible, once rainfall has started, to forecast the

flood hydrograph- at a chosen downstream locality. The fore-
cast can be updated continuocusly as fresh data become available.-
The hydrocgraph of inflow-to the reservoif is then routed through
- storage in a computer program-which manipulates the outflow, to
the extent possible with £he existing outlets, in such a way as
to minimize downstream flood damages - subject to the safety
of the dam and to other constraints.

It is the development of the routing and gate manipulation pro-
gram that represents the main burden of the report, which term-
inates with a socio-economic evaluation. The financial feasi-
bility and average annual bhenefits revealed provide strong moti-
vation for implementation of the flood forecasting and gate

operation system as developed.
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FLOOD FORECASTING FOR RESERVOIR OPERATION BY DETERMINISTIC
HYDROLOGICAL MODELLING

CHAPTER 1 INTRODUCTION

1.1 General

Development pressures lead to flood plain encroachment as space
for urban and agricultural expansion becomes scarce and land
values rise. This is happening all over the world and until ad-
ministrators appreciate that it pays to introduce flood plain
zoning at the earliest stages of develcpmen®: the trauma of flood
damage wWwill continue to worsen. To endeavour by engineering
means to alleviate flood damage after development has already
encroached into the flood plain can seldom be economically
justified. In the United States of America, des?ite the
expenditure of scme billions of dollars on flood control méasures,
there has been no net reduction in the average annual cost of
flood damages; on the contrary damage costs have continued to

soar'.

During practically every flood season over the past decade some
-part of South Africa has suffered severe damage and this has

served to focus attention on the need to step up floods research.
Recent amendments to the Water Act requiring township developefs

to cause the 50-year and other flood lines to be marked on
development proposals presages first steps towards the introduction

of flood plain zoning in South Africa.

The Water Research Commission has sponsored researches by the
Bureau of Economic Investigations of the University of Stellen-
bosch (BEI) and the Institute for Social and Economic Research

at the. University of the Orange Free State (ISER) into damages
associated with floods in the Orange and several rivers of the Capé
midlands and along the Vaal river. The Commission has also
contracted with the Hydrological Research Unit of the University of
the Witwatersrand to extend its general flood studies. The
current study was undertaken by the author as a member of staff of

the Hydrological Research Unit (HRU).

Phe early storm and flood studies of the HRU culminated in the




production of a design flood manual? followed by papers?r*

with the aid of which it is possible to design a storm of-
specified recurrence interval anywhere in South Africa and to
synthesize the resulting flood hydrograph. It has long been

a major objective of the HRU to develop a procedure for pre-
dicting in real time the stream response to sterm rainfall as
monitored by weather radar or telemetered from sample recording

gauges in the catchment.

By routing the rain, as it were, from the clouds - or at

least from its incidence at ground level = through a rairfall-
runoff model, it would be possible in relatively large catch-
ments to gain valuable time for flood warning purposes. To

take the objective a stage further in catchments commanded by
major storage dams, if the hydrograph of inflow can be predicted
and routed through storage well in advance of arrival of the
flocd, operation of the outlets can. be calculated to minimize
downstream damage. Foreknowledge of the magnitude of the in~
coming flood is of particular importance where there are dams

in the larger tributaries of a river; despatching of floods

from reservoirs in such a way as to cause the peaks to coihdide
at a major confluence may create a situation more severe than
would have arisen had there been no dams in the system. Inept
handling of the gates of a single dam can create higher rates

of cutflow than of inflow. For dams equipped with bottom outlets and
where the basin characteristics are such as to allow a density
or turbidity current to develop, it is of tremendous value to be
in a position to vent the early flood flow as a density current
and thus preserve storage space against silting. Without N
foreknowledge that a flood will be sufficient to fill the reservoir

it is not easy to take the decision to vent sediment-laden water.

Success at the HRU in developing a workable watershed model®
made it possible to provide realistic hydrological input for
the development of swamp,lake and estuary models®’?, as well
as facilitating a whole range of water resources studies for
which long series of monthly flows are required. Improvements
to the watershed model (to permit daily® and later hourly®
instead of monthly hydrographs to be synthesized from rainfall

and evaporation data) provided realistic data for the develop-




ment of flood plain management models'® and opened the way to
achieving the early HRU objective of real-time flood forecasting
for reservoir operation. In this report the important reservoir

at Vaaldam has been selected to demonstrate how this can be done.

Basic to the study is the necessity to generate from given storm
rainfall data the corresponding flood hydrograph at entry to
Vaaldam. The parameters of the watershed model® have been
established for the Vaaldam catchment on the basis of monthly
‘rainfall and evaporation but to generate a flood hydrograph it
is necessary to operate the model at a shorter time resolution.
Because of the paucity of autographic rain gauges in the catch-~-
ment, however, it was not feasible to adopt a time resolution
shorter than one day. The HRU daily model was therefore adopted
for performing the hydrograph simulations.

1.2 Vaaldam and its catchment

Situated at the confluence of the Vaal and Wilge rivers about
75 km south of Johannesburg, Vaaldam was constructed during the
mid-1930s as the major storage unit of the Vaal River Develop-—
ment Scheme - South Africa's first multi-purpose project.
Raised to its present capacity of 2 331 million cubic metres in
1956, Vaaldam reqgulates the flow of the Vaal river to secure
water supplies to the Pretoria-Witwatersrand-Vereeniging-
Sasolburg industrial, mining and petro-chemical complex as well
"as to Far East Reef and Far West Reef gold mihing areas, the
Orange Free State goldfields, riparian irrigators, the Vaal-
Harts government irrigation scheme, the platinum mining areas
around Rustenburg, the mineral-rich areas of Sishen-Posmasburg
and several towns en route to the confluence of the Vaal with
the Orange river near Douglas. As may be gathered the Vaal is
the hardest-worked river in the Republic and Vaaldam gquite
evidently one of the country's most important dams. (See

Figure 1.1).

The dam is a mass gravity concrete structure with a long
earthen embankment blocking a low saddle at its right flank.
Set about 34 m above riverbed level, the 625 m long overspill

crest is surmounted by sixty vertical-lift flood gates,
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comprises sedimentary rocks ¢of the Karoco system. In the
northern half of the catchment Ecca series, shale, sandstone,
grits and coal occur; these are the oldest deposits in the
catchment. Over most of the southern part of the catchment
there are younger deposits of the Beaufort series, namely

shale, mudstone and sandstcone. A small section in the extreme
south belongs to the geologically youngest series, the Storm-
berg, - mainly sandstone, shale, mudstone - with, along the
southernmost border, a small intrusion of yet another sub-series

comprising solenetzic soils.

At 125 ton/km’/year?! the average silt yield of the catchment

is relatively low; significant quantities of sediment are
generated mainly from small areas in the upper reaches. Com-
parable areas of the Orange river catchment upstream of Verwoerd
Dam produce sediment at more than twice those in the Vaal, while
the silt yield of the Caledon tributary is more than four times
as high. The projected silt volume in Vaaldam 50 years after
completion - that is, in 1987 -~ 1is estimated at 172 x 10°m?3,
or roughly 7% of the reservoir capacity. Silt deposits are

thus not expected to have any marked effect on the flood atten-
uation characteristics of the reservoir for another century or

more.




CHAPTER 2 CALIBRATION OF THE MODEL AND SENSITIVITY ANALYSES

2.1 Sub-division of the catchment

As the Hydrological Research Unit daily model is a lumped-
parameter model it cannot make provision for the spatial
variation of conditions within the catchment, except insofar
as infiltration is specified as a range which may change

from one sub-catchment to another®. Furthermore it cannot take
account of the differences in time lags associated with the
movement of flood waters from the various parts of a large
catchment; Model lag time must in fact be rounded off in
multiples of the basic time step of one day. The tiﬁe taken
“for flocdwaters to reach Vaaldam from the farthest extremities
of the catchment can exceed three days and it is therefore

" necessary, for optimum utilization of the daily model, tc sub-
divide the catchment into components each with an intermnal lag

of not significantly more than one day.

In sub-dividing the main catchment regard must be had to the
location of existing streamgauges, from the peoints ©f view not
sdlely of calibrating the model but alsc of adjusting the
simulated flood hydrographs from sub-catchments during real-time
operation of the model for flcood forecasting. Difficulties arise,
however, in that there are few suitable streamgauges within the
upper Vaal catchment. The sub-division scheme is shown in
Pigure 2.1 on which are marked the existing streamgauging and
evaporation stations as also the rainfall stations selected

for the study. Only those rainfall stations that have good
records completely spanning the respective study periods were

chosen.

As may be seen, the commanded area was sub-divided into seven
sub-catchments. The only reliable long-record fully calibrated
streamgauging station in the system, other than at Vaaldam
itself, is the Standerton gauge no. C1MOl. The Standerton
record ovef the ten-year period October 1965 to September 1975

was used, along with contemporaneous records from 29 rainfall
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stations, to establish the catchment model parameters.
Evaporation data were taken from Report 2/73°. During the
ten-year calibration period there were three significant
floods. The resulting calibration was subsequently adjusted
after comparison of the simulated with the observed hydrograph

of the major flood that occurred during the 1956/57 season.

To generate flood hydrographs as opposed to a monthly flow
sequence the watershed model had, as mentioned earlier, to be
calibrated on a daily basis. The rainfall input to the model
was therefore in daily form but it was not considered necessary
to input daily values of potential evaporation. Although

actual potential evaporation can vary markedly from the monthly
average, the influence of evaporation during the period of

a flood is relatively slight and therefore use of monthly
average evaporation as input to the model was justified. 1In an
unpublished HRU study the results of streamflow simulation for
which actual evaporation Values'were used as input were compared
with those for which average monthly values were used; the
differences were found to be negligible and the cost of operating
the program was significantly reduced. 1In any event, operation
of the program in real time would be appreciably complicated if

actual evaporation values had to be predicted.

As none of the other streamflow gauges shown on Figure 2.1 had
records of sufficient accuracy, length or range for purposes of
model calibration, the parameters established for the Standerton
sub-catchment were, in the first instance, assumed to hold good
for the remainder of the Vaaldam catchment. As indicated earlier,
hydro-meteorological characteristics are fairly uniform
throughout the catchment. Sensitivity analycses were, however,

performed in order to check this initial supposition.

Table 2.1 lists the adopted model parameters for the HRU daily

model, ®
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Table 2.1 : Adopted_parameters8

POW | SL | ST | FT | AI | ZMINN| ZMAXN| PI | TL [LAG {GL |R [DIV
mm | mm | mm/ % { mu/h | mm/h mm l[days{daysfays
day

3 O 50 0,1} O 1 5,3 1,5 2,511 6 0,5 0

2.2 Warm-up period

The degree of accuracy with which a simulation model can

forecast flood events, given the causative precipitation, depends
largely upon the accuracy with which it has simulated events
immediately prior to the flood event. Antecedent conditions -
particularly the state of wetness or dryness of various parts

of the catchment as well as the base flows in the streams -
largely determine the shape and magnitude of the floocd hydrograph
that will result from a given rainfall input. It follows that
the model must be operated with inputs covering a reasonably

long period prior to the flood event of interest so és to

ensure that antecedent conditions are correctly simulated.

This interval is referred to as the "warm~up" period.

The length of time taken to "home-in" is a characteristic not of
the model but of the catchment. The warm—up period for the Vaal
catchment was established by operating the model for gradually
shortened periods prior to a number of flood events and
examining the resulting difference in flood volume as a
percentage of that registered for the fully warmed-up operation.
As indicated by Figure 2.2, the warm-up period is between 3
and 6 months. Although the percentage variations for short
warm-up periods are not great there are strong indications that

the model may be unreliable if not adequately warmed up.

2.3 Influence of initial groundwater discharge (QOBS)

A study was undertaken to establish the relationship between one

of the important model parameters, viz. initial groundwater




discharge (QOBS}, from which the model estimates initial
catchment conditions and length of warm-up period to be
adopted. As is shown by Figure 2.3, unless the warm-up

lasts a full season or longer, incorrect estimation of QOBS
input to the model can have a marked influence on the accuracy
of the simulation. In view of the results of this study it

was decided that a warm-up period of 12 months should be adopted.

2.4 Number of rain gauges

Rainfall input to the model is handled on a lumped or average
basis. The results of ordinary averaging compare favourably
with, for example, those from the Thiessen polygon method,
specially for flood studies. The main reason for this is

that if records from one or more gauges are missing from those
of a network of rain gauges the whole configuration of Thiessén
polygons has to be changed, whereas a break in record hardly
influences the results of ordinary averaging. For n gauges,
271 configurations of Thiessen polygons are possible

(i.e. 536,9 x 10° possibilities for the 29 gauges in the
Standerton catchment alone). Moreover, as the distribution

of rainfall between rain gauges is not necessarily linear,

the Thiessen method need not be more accurate than averaging,
provided the distribution of rain gauges over the catchment is

reasonably well balanced.

From an analysis of the records of 55 rain gauges arranged in a
grid pattern over 563 km?, Linsley and Kohler'!Zestablished that
the average error in precipitation measurement increased markedly
as the number of gauges was reduced but that the percentage
error decreased with increasing storm rainfall. Expecting
analogous results for larger areas, the author undertook a
spatial correlation study of daily rainfall on the Vaaldam
catchment. By comparing spatial -correlation of daily

rainfall on-a monthly basis it was found that correlation
coefficients during wet Februaries for instance were appreciably
higher than those for average or for dry Februaries. This

supports the contention that for intermediate-sized catchments
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the percentage error in rainfall measurement will decrease

with increasing catchment rainfall. Referring to Figure 2.4,
the continuing fall-off of correlation revealed for wet
Februaries beyond the iOO km distance can be largely ascribed
to storm movement, which means that the rain under consideration
was recorded on different days. With fewer and more randomly
distributed rainfall events during average and dry Februaries
the effect of storm movement is much less pronounced

with the result that the asymptote is reached much sooner than
for the wet Fehruaries. A further explanation is that the
accuracy of the graph is poorer for long-distance than for
short-distance correlations because of the diminishing numbers of

values with distance from the reference station.

i,0F7

e w— W&t Februaries
ail Februaries

_____ dry Februaries

CORRELATION COEFFICIENT

0 i

o 20 e 60 80 ioC 120
DISTANCE FROM REFERENCE GAUGE (km)
Fig. 2-4 Daily average February rainfail for Vaaldam catchment :

Correlation between reccrds at reference gauge and distant
- gauges as a function of distance from reference gauge.
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In flood studies for large catchments one is generally

concerned with heavy widespread storms and it follows

therefore that the number of gauges providing rainfall input

to the model can be reduced without significant loss of
accuracy, and with substantial reduction in the cost of
operating the data network. 1In a further study (simulation

of flood flow from the Standerton sub-catchment for the

period November 1974 to March 1975}, the number of rain

gauges providing input data was systematically reduced, using
random combinations of different numbers of gauges, with the
constraint that the combinations would ke rejected if extremely
pocorly distributed. It was found as shown in Figures 2.5 and
2.6 that both simulated flow volume and goodness-of-fit declined
rapidly as the number of gauges was reduced below about seven.
With more than about seven randomly distributed gauges per sub-
catchment, accuracies should be not incommensurate with those
generally encountered in hydrology. Moreover, the pattern of
scatter in the positive and negative domains of Figure 2.5
indicates that differences may well be balanced out when simulated;
flows from all seven sub-catchments are combined.

3

The U.S. Corps of Engineers!?® suggest a rough guide to the
P g gh g

required number of rain gauges for flood forecasting:

n = (0,39a)°3%
where n is the number of gauges and A the area (km*) of the
relevant catchment. For the 8192 km? Standerton éub-catchment,
the suggested number of gauges would thus be seventeen and this
checks well with the results shown in Figures 2.5 to 2.7. The
number of gauges required for the whole Vaaldam catchment would
be twenty-nine according to the Corps of Engineers formula
and this was subsequently found to be a reasonable number.
Although perhaps weighted too much in favour of small catchments
the formula seems to provide a good guide. One should
nevertheless take account of the hydrometeorolcgical character-

istics of the catchment.
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of number of rain gauges providing data input.

When different numbers and distributions of rain gauges were
tried during recalibration of the daily model, it was found that
by keeping ZMAXN (the maximum infiltration rate) constant the
calibrated values of ST (maximum soil moisture capacity) became
increasingly unstable as the number of gauges was decreased,
especially when fewer than about five gauges were employed
(Figure 2.7). The same was true for ZMAXN with ST kept constant.
This is mainly because the larger the number of gauges the

greater the degree to which extremes (whether high or low)
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recorded by individual gauges were evened out by averaging.
It seemed advisable therefore to calibrate the model with
the largest number of rain gauges available and only
afterwards to examine the effects of reducing the number
(see Figures 2.8, 2.10 and 2.12)}.

2.5 Final calibration of model

As mentiocned earlier there is a dearth of reliable streamflow
data in the Vaaldam catchment. There was only one other
sub~catchment, namely Bavaria (C8M14), against which initial

calibration of the model could be checked.

The reliability of the Bethlehem gauge, C8M04, commanding the
Liebensbergvlei sub-catchment, was thrown into doubt when model
parameters and results of simulations with the daily model were
compared with those derived for the Standerton and Bavaria
sub-catchments. There seemed to be an,order—of—magnitudé error
in the gaugings. As the record at Bavaria was so short, only
the February 1975 flood period could be used for calibration
purposes. Even so, the discharge rating table had to be
extrapolated for interpretation of high stages. Nevertheless
the model parameters for the upper Wilge sub-catchment were
found to differ only slightly from those for Standerton. 1In
view of the uniform character of the catchment, as described

in Chapter 1, the model parameters derived for the Standerton
and Bavaria sub-catchments were adopted for the whole Vaaldam
catchment.

To simulate runcoff from the whole catchment, the model was run
for individual sub-catchments, each with its own data input,
lag and other paraﬁeters, and the individual hydrographs then
combined by program DAYADD to yield the integrated simulated
hydrograph for the whole catchment. Thus the lumped models

on the micro scale are converted to a distributed model on the

macro scale.
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Final calibration of the daily model for the Vaaldam

catchment was accomplished using input data from a total of

199 daily-read rain gauges for the periods October 1943 to
March 1944, October 1956 to October 1957 and October 1973 to
September 1975, Because accuracy of simulation of flood
hydrographs is of particular importance in this study, emphasis
during these final calibrations was laid on the accuracy with
which the three distinct flood hydrographs could be simulated.
The results of the final calibrations are shown in Figufes

2.8, 2.10 and 2.12. Figures 2.9, 2.11 and 2.13 show the

respective hydrographs for each of the individual sub-catchments.

A virtually perfect simulation was achieved for the February

1944 flood, which, on a daily basis} was associated with fairly
uniform average catchment rainfall. This may have been |
indicative of relatively uniform intensity of precipitation which
in turn is one of the variables that determines the volume of
runoff. Uniformity of the hydrographs for the individual
sub-catchments (Figure 2.%2) is also indicative of uniform

spatial distribution of the storm.

For the September-October 1957 flood (Figure 2.10) there is a
good fit between the simulated and the observed hydrograph except
for an over-estimate of the second peak. For the February 1975
flood (Figure 2.12) the number of rain gauges used for input data
had a strong influence on the simulated peak. As the model
simulations for all three floods exhibit no bias towards

under- or over-estimation it is evident that the differences
between simulated and observed flows are less likely to be
ascribable to improper calibration {(e.g. soil moisture capacity)
than to sampling error or inadequate representation of

precipitation intensity.

The primary factor influencing runoff is intensity of
precipitation and this is not well represented by daily
rainfall input values. As precipitation rates vary spatially

from storm to storm as well as during the storm itself, and
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also from month to month, as indicated in Table 2.2'%, the
sampling errors in the available rainfall data can be highly
significant. A system of telemetered rain gauges or

radar-monitoring would doubtless reduce such sampling errors.

Table 2.2 : Example of expected maximum falls of rain in mm

at Frankfort, for 25- and 50- vyear recurrence

intervals

in 15 min | in 30 min| in 45 min | in 60 min | in 24 hr

Month 1,5 |50 yr | 25yr |50 yr| 25 yrlso yr| 25 yr|s0 yr| 25 yr|{s0 yr

Jan 22,0 {25,0 | 28,7}32,3 32,9 {37,2 34,7 {39,3 55,6 162,9
Feb [28,3 32,9 | 35,7([41,4 | 41,2 1{47,9 | 44,0 (51,2 | 61,4 (70,4
Mar |15,7 {18,0 | 19,5122,4 23,3 [26,9 26,7 |[20,9 | 48,1 |55,7
apr (12,8 {14,7 | 17,4{20,0 | 18,6 |21,3 19,8 22,9 | 44,5 [51,0

May 5,2 6,1 7,61 8,9 9,7 {11,3 10,3 }12,0 28,7 33,8
Jun 3,4 4,1 5,1} 6,1 6,5 7.7 7.7 9,2 18,3 |21,7
Jul 2,1 2,5 3,1y 3,7 4,1 4,9 4,8 5,8 22,8 27,6

aug | 7,5 | 9,0 | 10,5{12,6 | 13,1 {15,7 | 13,9 |16,6 | 25,4 |30,3
sept| 8,2 | 9,7 | 11,3{13,2 { 13,7 {16,0 | 14,3 |16,7 | 37,7 |44,5
oct (12,4 14,2 | 16,7|19,1 | 17,2 {19,5 | 18,5 |20,8 | 44,6 |50,9
Nov |19,6 |22,3 | 25,5[20,0 | 28,8 [32,7 | 30,3 |34,5 { 50,8 {57,3
pec |21,6 |24,7 | 37,9|43,8 | 45,4 |52,6 | 48,2 [55,7 | 65,2 |73,9
: i

Sensitivity of the model to rainfall input is clearly illustrated
in Figures 2.10 and 2.12. From Figure 2.10 it can be seen that,
for the period 23 September to 2 October 1957, the average
catchment rainfall determined from 3 gauges per sub-catchment

was slightly less than that determined from 8 or even from all

the available gauges in each sub-catchment; the result 1is that
the simulation based on 3 rain gauges per sub-catchment indicates
a much lower runoff than was observed. For the 1975 flood the
average catchment rainfall during the period 14 to 17 February
based on 3 rain gauges per sub-catchment was higher than that

based on all the available rain gauges. The result is a 20%




difference between the respective simulated hydrograph peaks
(Figure 2.12).

Bearing in mind this sensitivity of the model £o rainfall input,
especially during flood periods, it is interesting to note from
Figure 2.14 the extent to which average rainfall varied from

one sub-catchment to another during the February 19275 flood and
the extremes of errér that can result from having too few

samples from which to determine the spatial distributibn of
rainfall input. The accuracy of measurement from a network of
rain gauges'will also differ from storm to storm due to the
varying arealdistribution of rainfall, while the catch accuracy
of individual gauges can be influenced by differing wind
conditions during a storm. Although;.as_illustrated by Figure 2.14,
the differences in rainfall seem to be largely damped out in the
average for the catchment as a whole, this will not necessarily
be the case for runcff, because of the many non-linear
relationships involved; a given percentage difference in rainfall

by no means implies the same percentage difference in runoff.

As a final test of the need to subdivide a large catchment,
simulation runs of the February 1975 flood were performed for

the Vaaldam catchment modelled as a whole with input and parameters
lumped. The results, shown in Figure 2.15, indicate that by
adopting the same parameters as for the simulations shown in
Figures 2.8 to 2.13 surface runoff is grossly underestimated.
Even after recalibration for this specific case the best-fit
simulated hydrograph still displayed the two very pronounced
peaks which were not smoothed out by the effect of differences

in respective lag times. The differences among the

hydrographs displayed in Figures 2.12 and 2.15 clearly illustrate
the adﬁantages of sub-division. One is led to believe that the
smaller the sub-catchments the higher the accuracy of simulation.
Such a deduction is not necessarily true, however, as the degree
of sub-division must conform with the density of the data

‘ network, and this in turn should be decided on a benefit-cost

basis.
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2.6 Daily versus hourly simulation

Since the daily model® estimates the time distribution of the
storm from the depth of precipitation on the basis of a
regression equation(with coefficients AA and BB}, all storms

of given daily precipitation within the same sub~catchment

will of necessity be assigned the same time distributiomn.

As the regressions were derived from average time distributions
of recorded storms they cénnot represent actual time
distributions and it follows that inaccuracies in precipitation
intensities, infiltration rates and conséquently runocff are

rbound to occur.

Although, as will be shown in Chapter 4, hourly input data

can help to improve the aécuracy of simulation the chief
benefit, for intermediate to large catchments, lies in the
rapidity with which action can be taken on the basis of frequent

early simulations during the develcopment of the flood.







CHAPTER 3 RESERVOIR ROUTIKNG

3.1 General

The shape of the hydrograph can change appreciably as the flood
passes through the reserveoir. If the water level at the dam is
held constant during a floced, the peak discharge will be attenu-
ated and delayed to an extent that is a function of capacity and
topography of the reservoir basin and of the size and configura-
tion of the incoming hydrograph. If one is to optimize release
strategies it is essential to have advance knowledge of the mag-
nitude, shape and timing of the incoming hydrograph as well as
advance knowledge of the influence of the reservoir storage on
these characteristics. The shape of the longitudinal water
profile in the reservoir should also be known in order to facili-

tate the mass balance calculations, as described in Chapter 4.

In the previous section the catchment models were calibrated by
seeking best fits between simulated inflow hydrographs to Vaal-
dam and those derived from mass balance calculations based on
observed water elevations, abstractions and spillages at the dam.
The degree to which these hydrographs had been attenuated by
storage effects, and the relative importance of channel and
reservoir routing in determining the values of the routing para-
meters in the model, were at that stage still unknown and there-
fore it was not possible to establish in advance the effect of
different antecedent reservoir stages on the values of these
routing parameters. Unfortunately, the streamcgauges on both main
rivers entering Vaaldam, namely the Wilge at Frankfort and the
Vaal at Villiers {(see Figure 3.1), become submerged‘at high
stages and direct observation of the composite inflow hydrograph
was therefore not possible. Moreover, it was ascertained only
recently in the Department of Water Affairs that high stages at
the Frankfort gauge had been underestimated on account of super-
elevation of the water surface at the side of the weir remote
from the recorder well. {This shortcoming has since been recti-

fied but the flow record had not yet been re-processed at the

time of writing).

Accordingly, two different methods were employed to establish the
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influence of reservoir storage on incoming flood hydrographs.

The first was a computer model based on a one-dimensional non-
steady flow implicit hydraulic routiﬁg program, NSFLOWiS, ob-
tained from the Department of Hydfaulic Engineering at the
University of California, Berkeley; the other was a guasi-two-
dimensional cell-type flood routing model developed in £he HRU!®
and referred to as the Weiss model. TIdentical input data were

fed to the two models with the two-fold object of comparing the
performance of the models and to some extent of lending confidence
to the result, since there was no way of checking against directly

observed data.

3.2 Input data

Surveyed cross—-sectional profiles of the basin of Vaaldam were
abstracted from drawings provided by the Department of Water
Affairs. These constitute the topographic inpﬁt to the routing
modeis. The positions of the cross-sections are shown on

Figure 3.1,

Simulated flows from the sub-catchments commanded by gauges C1MOl,
C1M0OZ2 and CIMO3 plus an areally weighted proportion of the runoff
from the sub-catchment above gauge. C2MO3 were combined to represent
inflow to Vaaldam at Villiers, while simulated flows from sub-catch-
ments C8BOl, C8MO4, C8Ml4 and the remainder of C2ZMO3 were taken as
inflow at Frankfort. {(See Figure 2.1). As the two components of
the contribution from the sub-catchment abowve C2MO3 are relatively
small proportions of the total and unlikely to influence the '
watér profile, they were assumed to be point inflows at Villiers

and Frankfort respectively. Any error resulting from this assumpt-
ion would amplify the influence of the reservoir, resulting in over-

estimation rather than suppression of the backwater and attenuation

effects.

The February 1975 flood hydrograph at Vaaldam based on the mass
balance calculations was then sub-divided to obtain the same
relativerproportions between the mean daily discharges at Frank-
fort and Villiers as was determined for the simulated hydrographs,

and advanced by about 12 hours to allow for reservoir lag, i.e.




the time taken for the flood wave to travel from Frankfort or
Villiers to Vaaldam. These component hydrographs were assumed
to be the "observed" inflows at Frankfort and vVilliers respect-
ively and, together with the observed stage values at the wall,

provided the input to the routing models. (See Figure 3.2).

3.3 Investigational procedures

In ordef to achieve the objectives stated in paragraph 3.1, it
is first necessary to establish some measure of the accuracy
with which the reservoir influence can be modelled. For this
purpose the "observed" inflow hydrographs, defining the upstream
boundary conditions, and the observed stage hydrograph, defining
downstream boundary condition, were used as input to the Weiss
model'?., The outflow hydrograph generated by the model could
then be compared with the observed outflow hydrograph, as illus-
trated in Figure 3.3, Apart from an initial instability in the
simulation, the correspondence between the two release hydro-
graphs is remarkably close, especially in view of the relatively
poor accuracy and coarse time steps of the input data. It could
therefore be concluded that the reliability of the model calcu-
lations was satisfactory = a conclusion that is corroborated
by the results of subseguent calculations by both models, as

discussed presently.

A further fact to be noted is that surface roughness has a negli-
gible influence, the momentum part of the flow equation being
more important than the energy component. Accuracy of simulation
depends only slightly on correct calibration of roughness values
but rather more strongly on model structure and reservoir basin
topography. Unfortuhately basin structure is not well defined as
only .relatively sparse cross—sections are available to describe

this rather complex -basin.

The reason for selecting the Weiés model for this initial simu-
lation rather thaﬁ the NSFLO program was that, as a one-dimension-
al model, NSFLO cannot adeguately simulate the stage hydrograph
iﬁ eacﬁ of thermajor arms of the reservoir simultaneously. Thus,

any change in water level at the wall would activate a
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corresponding change in storage only in that branch of the
reservoir which was being simulated at the time. This could

introduce errors of the order of 50% in the change in storage.

As the initial simulation run yielded a good fit with the
observed release hydrograph, the Weiss model could be applied
with some confidence to establish the inherent attenuation
characteristics of the reservoir. This was accomplished by
holding the water surface at the wall steady at full supply
level (FSL), in order to remove the effects of change of storage,
and again using the "observed" hydrographs as upstream input.
Any attenuation during such a simulation run would therefore be
attributable to backwater storage. The run proved, however,

that Vaaldam acts as a level pool at least as far upstream as
the confluence of the two major inflows - the Wilge and the
Vaal. With the water level at the wall held constant at FSL

and Vaaldam acting as a level pool at least up to the confluence,
the simulation could now be repeated with program NSFLO. As

the arms of the reservoir are modelled separately one at a time,
flow to the unmodelled arm could be assumed to be tributary

inflow at the point of confluence, and vice wversa.

The results of the NSFLO simulation, illustrated in Figure 3.4,
reveal that, apart from a distinct time lag, changes in hydro-
graph shape are negligible. This is consistent with the rela-
tively minor béckwater effect shown up in the water surface pro-
files calculated during the same run and depicted in Figure 3.5.
If the backwater elevations are transferred from Figure 3.5 to
Figure 3.1 it will be seen that the surface areas and therefore
fﬂe volumes subjected to significant backwater effects are

proportionately small.

3.4 Conclusions

As illustrated by Figure 3.4, attenuation ascribable tc backwater
storage at full reservoir is small, and would be even less signi-
ficant at lower stages; it follows that dynamic routing through
Vaaldam of the output from the catchment model would be an un-

warranted refinement. Moreover, the influence of the reservoir
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on catchment model parameters does not differ significantly
from that due to channel attenuation, which is inherent in the
catchment model. The influence of reservoir stage on the model

parameters can thus safely be assumed to be negligible. -

The fact that backwater effects are relatively insignificant
at Vaaldam, especially with respect to surface area, as can be
seen from Figures 3.1 and 3.5, implies that level pool routing
1s perfectly acceptable for'mass balance purposés, as will be

discussed in the next chapter.




CHAPTER 4 RESERVOIR OPERATION FOR FLOOD MITIGATION

4.1 General

The most important problem facing a gate operator seeking (theore-
tical) optimum control of a flood is the lack of advance knowledge
of the magnitude and shape of the incoming flood hydrograph. As
was demonstrated in Chapter 2, past flood events have been success-
fully simulated by conceptual hydrologic modelling. There seems

to be no reason why success should not be achieved in application
of the same techniques for real-time forecasting of future flood

events, given up-to-date causative rainfall.

In the case of the Vaal system the model parameters for each of

the seven selected sub-catchments upstream of Vaaldam were lumped
and the resulting floods from the sub-catchments were superposed
to yield'the flood hydrograph at Vaaldam. The basis of lumping

and sub-dividing within this infinitely complex system was rela-
tively coarse and, although there is no theoretical limit to the
degree of sub~division, there are indeed practical limits to the
volume of input and output data that wbuld be needed to evaluate
the numerous parameters so that the resultihg complex model could
be usefully operated. It follows that in the model as developed
there are bound to be errors due to lumping both of input and of

model parameters.

Kovacs®?® has developed a technique of flood hydrograph prediction
for the Vaal catchment based on multi-variate correlations but,
because of the wide variety of antecedent conditions; rainfall
events and catchment response, his correlograms are bound to dis-
play considerable scatter. Whatever the chosen technique it is
certain that the forecasting of canplete sequences of future
events can never be consistently accurate. It follows that, in
real time, forecasts must be continuously repeated as fresh in-
formation based on transmitted observations comes to hand. The
predicted flood hydrographs will therefore grow incrementally as
model runs are repeated with fresh data, as illustrated by )
Figure 4.1. Decision-making based on processing of these pre-

dicted hydrographs will also follow step by step; in other words,
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there must be a continuous stream of decisions for action rather
than a single action based on a single forecast that can hardly ‘

ever be correct.

If one has the power to change'the course of events it follows
that before action is taken the objective must be clearly de-
fined. An obvious goal would be to minimize flood damage but,
where there are conflicting downstream interests,. formulation

of the objective function coffers difficulties. Agricultural
interests, for instance, may prefer deeper inundations of shorter
duration to shallower long duration flooding of smaller areas.

By contrast, damage to residential and industrial areas is,in
géneral,'likely to be directly proportional to downstream stage

and therefore to extent of area affected.

In some cases it may be economically justifiable to cause minor
damages by releasing flows above the damaging stage in order to
accbmmodaté a major flood known to be on the way, and thus to
avert severe damage that would have been incurred had no action
been taken. In any event, it is essential to ensure that minor
damage areas are not flooded more frequently or more severely
through introduction of a flood control scheme than they would
have been without it. Of great importance too is the necessity
to institute flood plain zoning and to provide for the mainten-
ance of channel capacity; efficient reservoir operation depends
as much on the ability to release flood waters without causing
damage as it does on the ability to store surplus water. Un-
fortunately, reduced frequency of flooding downstream of reser-—
voirs often stimulates the desire to develop the flood plain and

dulls the incentive to maintain the channel capacity.

Alternative options are illustrated in Figure 4.2 based on work
by Plate and Schultz!’. 1In these diagrams, A represents volumes
of pre-release, B the volumes by which the damaging part of the
hydrograph can be modified by gate manipulation and C the

volumes of post-release associated with earlier over-filling of
the reservoir or surcharging of the gates. T and Q are respect-

ively the duration and extent of damaging flood discharges.
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If no storage space is available at the time of arrival of a
flood and no storage above full supply level is permitted (e.qg.

if reservoir stage is at top-of-gates elevation and overfilling
of the reservoir by surcharging the gates is not permitted)} the
flood hydrograph will pass virtually unchanged through the
reservoir, as illustrated by Figure 4.2(i). Any slight attenu-
ation would be that due to backwater storage only (see Chapter 3).
If storage B, is available at the time of arrival of a flood (i.e.
if the reservoir is short of full by amount Bz) the outgoing
hydrograph can be modified as shown in Figure 4.2 (ii), provided
the size and shape of the incoming hydrograph are known in ad-
vance. -Ever-increasing water demands, however, coupled with the
fact that in most countries the best dam sites have already been
exploited, have placed a premium on available storage space for
purposes of safeguarding water supplies and it therefore becomes
more and more difficult to allocate storage volume specifically

to flood control.

The foregoing difficulties can be largely overcome if the need
to pre-release and to overfill the reservoir is conceded.

Figure 4.2(iii) illustrates a control measure aimed at minimizing
the duration of damaging inundation without too much concern for
the depth or extent of flooding =~ a measure that might be
desirable where the downstream flood plain is largely agricult-
ural. In Figure 4.2(iv), on the other hand, the aim is to mini-
mize the peak discharge - and therefore the extent of areas
subjected to inundation =~ with consequential unavoidable pro-
longztion of the flooding. For every independent flood event,
the storage available and the size and shape of incoming hydro-
graph are fixed, as also is the volume of storage associated
with the permissible degree of overfilling of the reservoir.

Therefore, in the relevant mass balance eguation,

B=A+C+ 8 i
the sole item that can be manipulated is the pre-release volume A.
In equation 4.1, $ is the initial storage available and A, B and

C are as previously defined.

The importance of pre-release follows also from the basic




hydrologic routing eguation:

15(1l + 12

1At - 5 (0
Where I and O refer to inflow and outflow rates and S to storage
volume. Subscript 1 refers to the beginning and subscript 2 to

the end of any time period At.

As the allowable change in storage throughout the whele flood
period, IAS, is limited to the initial storage available plus

the volume of surcharge allowed, the sum over the whole flood
period of the left hand side of equation 4.2 must also be limited.
If for alil time.increments the outflows (prior to péak)_are con-
strained to be equal to or smaller than the inflows and if out-
flow is to reach a constant plateau within the inflow hydrograph,
the minimum level of the constant plateau is determined by the
initial storage available (Bz in Figure 4.2 (ii))plus any sur-
charge allowed. The only way the level of the plateau can be
lowered is by pre-release,i.e. to allow O to exceed I on the
rising limb, thus to create additional storage to accommodate

inflows near the peak (see Figure 4.2({iv}).

The volume of storage created by pre-release is defined by the

equation:

tA
A = toS (0, - I,)dt e R .. (4.3)

in which the symbols are as previously defingd, and t0 refers to
the start and tA to the end of the pre-release. The volume of A
is thus dependent both on the length of time between tO and tA
and on the difference between It and Ot' both of which are
functions of time. The earliest possible start of pre-release
is thus of essence. The maximum rate of release is determined
by the acceptable level of risk of flood damage. The volume of
water pre-released and therefore the volume of flood attenuation
storage one endeavours to create is tempered by the risk of

ending up with the reservoir not filled.




4.2 Constraints on reservoir operation at Vaaldam

The constraints on flood control operations at Vaaldam prescribed
by the Department of Water Affairs, although nowhere publicly
spelled out as far as is known, are understood to be basically as

follows:

1) Maximum permissible water level with some gates still closed
is 0,3 m above FSL, viz 103,87% of capacity. There can of
course be no prescribed level constraint when all gates are

open,

2) The reservoir must be 100% full after the main flood wave

has passed.

3) The downstream flood peak shall not be higher nor occur

earlier than the uncontrolled peak,

4) The maximum rate of increase in discharge should bhe in the
range 50 to 250 m®/s/h, depending upon the rate of release

at the time and the anticipated rate of increase in inflow.

5) Increases in rate of release during night time should be

avoided.

From points of view of safety of the dam and appurtenant works
and the necessity to safequard water suppliés, constraints 1 and
2 must be accepted as inviolable.While there is obviously a need
to ensure that the downstream flood peak will not exceed the
uncontrolled peak, as stated in constraint 3, there seems toc be
no valid reason why it should not occur sooner. In the uncon-
trolled situation, occupants of the downstream flood plain would
not necessarily have prior intimation of the arrival of a flood;
the rise of the river could come as a complete surprise. It is
obviously preferable, however, to have pre-knowledge of both

size and timing of an imminent flood, even if it does arrive
earlier, than to have it arrive unexpectedly under natural timing.
As is demonstrated by Figure 4.2(ivf, pre-release of stored water
represents the most important contribution to improved flood
attenuation and accotdingly unnecessary constrdints on the timing

of pre-release should be avoided.
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To set a maximum rate of increase in discharge, as under con-
straint 4, is basically sound. In the gate operation program
presently to be described, the maximum has been set at

75 m®/s/h - roughly the same as the maximum natural rate of
rise of the river at the start of a major flood. Should it be
necessary, however, this imposed rate of rise can readily be

overridden during real-time operation.

Restrictions on night operation can be regarded as a constrainf
on thé timing of pre-release, which was shown to be most unde--
sirable. Although there may be some advantages to having a
constant rate of discharge during the night, this can be bene-
ficial only in the reaches close to the dam. . Changes effected
during the day are bound to be felt at night some distance down-~
stream because of the lag. 1In the uncontrolled State, too, the
river would sometimes and somewhere have risen at night; Any
indonvenience that.may result from controlled night-time in-
lcreases in discharge would as a rule be more than compénsated

for by the corresponding reduction in flood damages.

4.3 Principles of the gate operation program

The flocd plains:immediately downstream of Vaaldam are developed
mainly as residential and industrial areas, and it is here that
the gravest losses have been suffered during past floods. Ac-
cordingly, the objective function adopted for the flood routing
program was minimization of downstream stage. To meet the ob-
Jective, mass balance calculations have to be performed regularly
as fresh data bécome available to determine the optimum release

rates. The basic equation is

t t
§ frae= S °
‘ Itdt = ¢ Otdt t 5 + So e (4.4)
o 0
where It = rate of inflow at time t
Ot = rate of release at time t
Sl = storage available below FSL at start of flood
S.. = maximum permissible surcharge storage




to = time at beginning of flood

t time at end of flood

e

As inputs and outputs for the daily model are in the form of
average daily discharges, the integrals can be changed to
summations from d=1, the first day of the flood,to d=%, the
last :

O At + 5, + 8 tets et it s aaerat e (4.5)

gy
f+
il
l§ o1
[oN)

where Id and Od are average daily values and At = one day.
The height to which the release plateau must rise can be mini-
mized by pre-releasing at the maximum rate of increase of dis-
charge permitted under constraint 4. The plateau rate is held
‘until, with the reservoir 100% full, Sl and 82 becomes zero at
a point on the recession limb of the inflow hydrograph, where-
upon outflow is set equal to inflow (Table B4,p.Bl0). (One of
the-major problems'of prolonging the inundation in order to

minimize +the depth of flooding is that the banks of the river
downstream become saturated and considerable care is needed to
avoid rapid curtailment of release and thus minimize sloughing

of the river banks with consequent loss of valuable land).

The optimum level of the plateau release rate is determined by
an iterative procedure. An initial value is assigned to the
constant release 0 and equation 4.5 is solved. If the left
hand side exceeds the right, the release rate is increased,
whereas if the left hand side is less than the right it is re-
duced. The initial setting adopted in the program is 100 m?/s;
this is increased in steps of 100 m?/s until left < right,
whereupon it is reduced in steps of 10 m®/s until again left >

right, when the optimum is assumed to haVe,been reached.

The accuracy to which the plateau release rate is thus estab=
lished, viz. * 10 m®/s, is well within the confidence limits of

the forecast. In any event the rate is updated as soon as




fresh rainfall data become available with which to repeat the

forecast inflow hydrograph.

As the discharge rate through the gates is dependent upon stage
in the reserVoir‘and, as this may change qﬁite rapidly during
flood control oéerations, it is evident that the gate settings
should be regularly édjusted to follow the discharge plateau.
Neglect to adjust continuously may result in failure to achieve

maximum flood attenuation.

In operating the program with historical flood events, it was
found that; because of the relative ccarseness of the daily time
step for performing'the integrations in eguation 4.4, there was
instability as the rising limb of the release hydrograph ap-
'proached the plateau. To overcome this problem the time step
was reducéd to one hour and it was therefore necessary to con-
vert avérage daiiy discharges to average hourly values. This
was accomplished with the following Lagrangian interpolation

polynomial' ®: -

P(I3,I4) = LlY(IS“l) + LZY(I3) + L3Y(13+l)_+ L,Y(I5+2)
+ L Y(Ig+3)
where P = average hourly discharge
13 = indicétes which day it is
I, = the hour of the dayrand
L, to L5:are as defined below
Ll = 7(A4 - 2A3 - A2 + ZAl)/24
L, = ={(A, = Ay - 43, + 48) /6.
Ly = '(A4 ~ 5h, + 4)/4 '
L4 = -(A4 + A3 - 4A2 - 4Al}/6
Lg = (R, + 2A3'~ A, - 2Al)/24

'further:‘A = M




Ay = ARy
A4 = A1A3
where M = (X - X,)/H
X = 24{I3 - 1) + I,
X2 = 24I3
H = number of interpclations between given values = 24

A computer program, named GOP for "gate operation program",was
developed to perform the calculations in accordance with the
foregoing discussions, using the Lagrangian interpolation routine.
This BASIC (note: BASIC refers to the computer language) program,
listed in Appendix B, was developed for use on an HP model 9830A
mini-computer and was intended mainly for performing initial test
calculations. It can, however, serve the vital purpose of
backing-up should the main computer go down during real-time
operation. Although updated simulated inflow hydrographs would
not be available during a breakdown of the main computer system,
program GOP could nevertheless be used to optimize release rates,
given infiow hydrographs from field observations, adjusted where

necessary on the basis of experience.

4.4 Weather forecasts

In an effort to gain even better advance knowledge of precipi-
tation than that provided by transmitted observations, a study
was conducted in which the weather forecasts for the Vaaldam
catchment over the period October 1973 to April 1975 were _
correlated with recorded rainfalls. {(Tha intervening winter of
1974 was excluded as no rainfall forecasts are issued during
winter}, Daily records from 112 rain gauges were used and there

ware 313 occasions on which rain was predicted and/or experienced.

Comparison of average catchment rainfall with percentage of
gauges that recorded the rain revealed quite a good correlation,
as shown in Figure 4.3. . Comparison of average catch per gauge

that recorded the event with percentage of gauges that recorded
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rain, on the other hand,disclosed a wide scatter of values, as
shown by Figure 4.4. Nevertheless, a general trend of increas-—
ing catch per gauge as the rainfall becomes more widespread

can be discerned.

Matching of measured average catchment rainfall with corres-
ponding weather forecast also yielded a promising coarse
relationship, as shown in Figure 4.5. The band embracing the
upper and lower envelopes is rather too wide to impart a high
degree of confidence and so the results shown in Figure 4.5
were not incorporated in the gate operation program. In the
absence of or delay in transmission of rainfall data, how-
ever, the diagram could prove useful during real-time operation
of the model.

A new stationary weather satellite has also recently heen taken
into service to monitor the southern part of Africa. As this
new satellite facilitates scanning of the area at any desired
time, as opposed to the reqular and relatively infrecuent inter-
vals of the previouslv used orbiting satellite, it could make
for greater accuracy in weather forecasting than that shown by

Figure 4.5.

4.5 Hourly gate operation program

As has already been emphasized timeous pre-release, if meaning-—
ful flood attenuation is to be accomplished, is of utmost im-
portance. The daily model, however, has an inherent lag of up
to 24 hours, depending upon the time of the day at which signi-
ficant rain occurs, and much of the advantage of flood fore-
casting can therefore be lost. If for instance a heavy storm
were to occur just after the gauges have been read for the day,

more than 20 hours would elapse before the relevant information

.reached the computer.

Gate optimizations performed on historical data with program
GOP clearly emphasized the need for shorter time steps in the
data input to both the flow simulation and the gate operation
orograms. It was accor

hourly catchment model in place of the daily model during the
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actual flood period.

The models are basically similar, the major difference lying
in the time steps of the calculation. The system is warmed

up with the daily model and the values of the internal vari-
ables are transferred from the daily to the hourly model
immediately prior to the onset of the flood period. As the
hourly model is more than an order of magnitude more expensive
to operate than the daily model it is essential to limit the

time during which operation is on hourly data’.

To determine reservoir release rates from the output of the
hourly model, an Hourly Gate Operation Program (program HRYGOP)
was developed from program GOP. This program, listed in
Appendix B, was written in FORTRAN to be run on the University
of the Witwatersrand IBM 370 system; it accepts directly the
output from the hourly hydrograph simulation model as input.
Figure 4.6 is a diagram.illustrating the flow of data through
the various.computer programs for real-time flood forecasting

and gate operation.

As is illustrated, data covering at least the past season's
rainfall are needed for the warm-up run of the daily model.
These data must be regularly up-dated so that the input data
files can be kept up to date. The daily model should be run
a few days after the end of each month during the rainy season
to establish the status of the internal variables that have to
be transferred to the hourly model. These variables are:
interception storage, soil moisture storage, groundwater
storage, percolation from scil moisture to groundwater, aver-

age daily surface runoff and average daily groundwater dis-

charge®.

‘The duration of a flood hydrograph at Vaaldam is of the order
of 10 to 15 days, and,as there 1s always the possibility that
this period will span two calendarrmonths, both therhourly
model and program HRYGOP are set up to simulate a two-month
period at a time. The hourly model requires a few days of

warm—-up to canéel out the effects of the change in time step
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beﬁween the two models. Warm-up of the daily mndel should
therefore stop before the advent nf flood-producing rain.
Between 5 and 35 days should be allowed between the switch
from fhe daily to the hourly model and the start of flood--
producing rainfall. In other words, the daily model should
be run on the 5th of each month, or shortly thereafter, as

warm-up to the end of the previous month.

4.6 Adjustment of sinmulated flows according to observed dis-

charge

Differences between simulated and observed flows are bound to
occur, as discussed in Chapter 2, and the need will arise to
adjust the simulated flows to accord with observed data. The
differences can result from several causes, such as sampling
errors‘in depth or intensity of precipitation, errors in simu-
lating antecedent conditions, incorrect parameter values such
as soil moisture capacity and lag, errors due to lumping of
catchment characteristics, and so on. Furthermore these dif-
ferences can appear in many forms so that no generalized ad-

justment procedure can be prescribed.

In Figures 4.7(i), (ii) and {iii), all have the same simulated
hydrographs as well as the same observed hydrographs up to TR the
reference time. If it is assumed that no more rain fell after
the reference time, the simulated hydrographs will thereafter
remain unchanged. The observed discharges, however, are still
unknown beyond the reference time and can assume a variety of
shapes, e.g. as shown in sub-figures (i)} to (iii}. If the ok~
served hydrographs are assumed to be correct, Figure 4.7 (i)
shows the timing of the simulated hydrograph to be too early.

In Figure 4.7 (ii) the catchment model overestimated the dis-
charge, possikly as the result of data errors or incorrect cali-
bration of the model. Underestimation of discharge, as in
Figure 4.7(iii), could also have been due to any of the above

factors.
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to know whether the difference between the simulated and ob-
served hydrographs was indicative of over- or underestimation
of the actual discharge still to come, or whether it was merely
due to a timing error. Supposing it were known that an over-
estimation would result one still would not know whether it

was due to a sampling error or incorrect model parameters.

The same argument could apply to sub-~figures (iv) to (vi),
although the discharge prior to T,_2 given ky ths observed
hydrograpih was higher than that in the simulated hydrograph

whereas it was lower in the first group of figures.

Unfortunately these uncertainties are most pronounced at the
beginning of the flond hydrograph, which happens to be the
crucial time from the point of view of pre-release decisions.
As discharge data for sub-catchment gauging stations were
severely limited at the time of this study, no attempt was made
to adjust the simulated hydrographs at these upstream points.
All further attempts at automatic adjustment of total flows at
Vaaldam during the rise of the hydrograph were in fact dropped.
After the first few trial runs, which revealed the effects of
lack of time-scale precision in simulating the rising limb of
the hydrograph (Figure 4.7) and in routing flows from the seven
different sub-catchments, automatic adjustment was applied only

after the peak had been reached.

In the adjustment procedure finally adopted the average daily
simulated discharge of the preceding day is compared with the
corresponding observed discharge and the difference calculated.
Simulated discharges for the day are adjusted on the assumption
that the observed discharge is correct. Discharges on subse-
quent days are adjusted by proportions of the same difference,
declining 20% per day for five days whereafter the simulated

discharges are assumed to be correct.

These adjustments, after the peak has been reached, are auto-
- matically performed by program HRYGOP on the total discharges
siﬁﬁlated by program HOURAD from the output of the hourly

e S e S Pt a5

e T e o 0 g N SR S v



catchment model. (HOURAD combines the flows from the seven
sub—-catchments by simple lagging and superposition). Although
the procedure is simplistic, performance tests proved it to be

satisfactory.

Computer-operated flood control programs are not intended to
rule out sound human judgment but must rather be viewed as a
powerful aid to final decision-making. Models are only as good
as the assumptions on which they are based and the data with
which they are fed. Decisions based on the release rates
calculated by program HRYGOP should therefore be carefully
blended with those based on comparisons between simulated and
observed discharges and supplemented by the weather forecasts

(see Figure 4.6).

4.7 Verification of hourly gate operation program

In order to test the nsrformance of the flood forecasting
system, especially program HRYGOP, the historical floods of
February 1944, September/October 1957 and February 1975 were

routed through Vaaldam under simulated real-time conditions.

4.7.1 Hourly rainfall data

Hourly rainfall data were practically non-existent and so daily
values had to be disaggfegated. Rainfalls registered by eight
gauges per sub~catchment for the respective flood periods were
averaged areally and distributed in time by program DISAGG in
the same way'as is done internally by the daily model®. values
established for the regression coefficients AA and BB were
0,964 and 0,13736 respectively. Although the resulting syn-~ -
thetic hourly rainfalls are not necessarily quite representa-
tive of the actual storm events, they are nevertheless com-
pletely free of bias and should not therefore favour one part
of the system more than another. ("System" here refers to the
series of programs employed up to program HRYGOP). On the
other hand, the synthetic hourly data are bound to compare

poorly with actual data from the point of view of intensity of

precipitation (see paragraph 2.5).
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The fact that all rainfall eventis were assumed, as in the daily
model, to start at the beginning of the rainfall day (viz.
08h00) could, however, have had a slight effect on overall
system performance. For instance, some storms may have been
assumed to occur too early, thus activating-pre—release too
soon. On the other hand, the fact that the permissible rate

of discharge increase in program HYRGOP is limited to 75 m’/s/h,
compared with the upper limit of 250 ﬁg/S/h in constraint 4,
largely counteracts the advantages of early pre-release. When
account is taken of the adverse effect of the synthetic hourly
data on the accuracy of simulated flow volumes, the overall
influence although not guantifiable, was considered to be more
or less neutral and the data were consequently regarded as

acceptakle for testing purposes.

4,7.2 Verification procedures

To re-enact the past flood events as reliably as possible, ob-
served data were fed to the computer at hourly intervals of
historic time. This was achieved by intrcducing a time,poiﬁter
into the relevant program such as to cause all cbserved data
beyvond a prescribed time to be ignored. Release rates for Vaal=-
dam were conseguently determined progressively for the three
flood events by making cbserved data available at one~hour
increments for times when rain occurred, and at 6—hour increments
when there was no rain. At an average of 10 computer runs per
day for say 10 days per flood, the number of runs was roughly

three hundred.

In an effort to avoid all possible human bias associated with the
fact that what had actually happened was known, the manual
adjustment component shown in Figure 4.6 was suppressed. The
release rates calculated by program HRYGOP were therefore
-accepted as correct and acted upon, the only human intervention
being torapply the following basic rules:
1} The rate of release should not be reduced as long as the
river is fising or the discharge is within the envelope of
inflows unless there is an evident risk (indicated by program

HRYGOP) that the reserveoir will neot be full after the flood.
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2) Surcharging of the reservoir is allowed only after the

release rate has reached 2 500 m?/s.

The philosophy for introducing rule 1 is that after a certain
downstream flood stage has been reached most urban damages
agssociated with that stage have already been incurred and can-
not be recalled by lowering the stage. By allowing the higher
rate of release to persist, there may be some inconvenience but
little further damage. On the other hand, and of much greater
importance, is the fact that more buffer storage is created with

which to attenuate a possible subsequent flocd rise.

The decision to wait for a pre-determined release rate before
making use of the surcharge capacity was aimed at ruling out

any bias. With no constraint on when surcharge capacity may

be utilized, it would be difficult, knowing beforehand what had
happened, to resist the temptation to introduce this extra
storage at the appropriate moment for it to have maximum attenu-
ation effect. The level of 2 500 m®/s is arbitrarily chosen as
representing the discharge above which severe damége begins to

result.

Although all the rules could readily have been incorporated in
program HRYGOP, it was considered preferable for real-time

operation to allow the computer to print out the required re-
lease rates and then to adjust them manually, rather than have
the adjusted release rates printed out without any indication

of the extent of the adjustments made.

4.7.3 Verification results

The results of automatic routing of three major floods through
Vaaldam by means of the flood forecasting and gate operation

programs are given in Fiqures 4.8 to 4.10.

The February 1944 flcod occurred before the dam was raised and
equipped with flood gates but in order to make use of the data
of this event, the inflow hydrograph was routed through the

Vaaldam of present capacity and subject to current constraints.
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In order to demonstrate the influence of initial buffer storage
~space on degree of attenuation, routings were performed with
initial reservoir storage state at 80% full and at 100% full
respectively. Although for the 100% full reservoir situation
pre-release started 24 hours earlier than for the 80% full
case, attenuation storage equivalent to the 20% difference in
starting volume could not be created in time, with the result
that the peak discharge was 17%'higher than for the partially
full case. The attenuation achieved was nevertheless 10%
which, together with the benefits associated with advance
warning, would represent appreciable savings in flood damage
averted. The falls of rain on 6 and 7 February 1944 unfort-
unately had the effect of widening the body of the hydrograph

and this in turn demanded substantially increased releases on

these two days in order to satisfy the mass balance.

The September/October 1957 flood occurred after the 1956

raising of Vaaldam and therefore a comparison could be drawn
rbetween releases suggested by the model and those actually
effected at the time. As may be seen from Figure 4.9, by com-
plving with the stipulated constraints, an attenuation by 23%

of the incoming hydrograph was achieved, viz. 10% lower than

the peak of the actual release. During the passage of the 1957
fleocod, however, the reservoir was actually allowed to be sur-
charged tb 107,55% FSL capacity and, as shown in Figure 4.9, when
this degree of surcharge was allowed'in program HRYGOP, the routed
peak release rate was 20% lower than the actual peak release
rate. As the hydrograph simulation component of the model over-
estimated the second peak, as illustrated in Figure 2.10, pre-
release for this peak had to be decreased on 4 October 1957 to
ensure that the reservoir would be full at the tail of the

flood. Nevertheless the programmed release rate was still

lower than the actual.
For the February 1975 flood, as illustrated in Figure 4.10,
attenuation of the incoming average daily peak was 26%, viz. 29%

lower than the actual peak release.

From the foregoing results it is evident that great savings in




flood damages can be achieved with the flood simulation and
gate operation model, whether comparison is with uncontrolled
peaks or with unprogrammed releases. It should be emphasized
that the routings illustrated in Figures 4.8 to 4.10 represent
programmed releases without human intervention and with limited
observational input data {(see Figure 4.6}. It follows that
real-time flood routing by means of the model, supplemented by
frequently up—-dated rainfall and weather forecasts as well as
human intervention where necessary,can without doubt provide

considerably improved results.

4.7.4 Routing of February 1977 flood

The benefits of flood forecasting for purposes of routing major
flocds have been demonstrated. It remains to verify the model -
particularly for the more frequent floods of medium severity.
It is these that regquire the most careful handling from the
point of view of complete avoidance of both damage and unneces-
sary spillage. ©Of particular interest is the verification of
program HRYGOP under conditions where the hourly model fore-
casts the flood volume with poor accuracy. Against this back-
ground and in compliance with a request by officiais of the
Department of Water Affairs (DWA) the flood of February 1977

was selected for model verification purposes.

This flood posed difficult control problems in that average
catchment rainfall, as measured by the'DWA' gauges (Table AZ2),
exceeded by more than 15% that which produced the first part of
the February 1975 flood (12 to 17 February 1975 - Figure 4.10),
and yet the peak discharge generated was only 1 500 m?®/s com-
pared with the 3 400 m®/s peak of the 1975 flood. The reasons
were: first, antecedent conditions were extremely dry in
February 1977 and, secondly, the rain was generally of low

intensity and long duration. The latter factor can be expected

to result in overestimation of simulated discharges unless actual

hourly rainfall data can be employed in the modelling. See

Figure 4.11.

As shown in Figure 4.11, simulated discharges, based on daily
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rainfall data disaggregated into hourly values according to
average time distributions, are in fact much higher than the
observed discharges. If, as an extreme, the rainfall for each
day is assumed to be distributed uniformly over the 24 hours,
the hourly model grossly underestimates the discharge, as
shown by Figure 4.11. The observed hydrograph falls roughly
halfway between the two simulated hydrographs. Although rain-
fall uniformly distributed in time is most unlikely ever to
occur the result of the assumption clearly illustrates the
influence of rainfall intensity on flood runoff. Also illust-—
rated in this exercise is the fact that a sophisticated model
fed with inadequate data will often perform less satisfactorily

than a simple model demanding less data.

in routing the overestimated simulated hydrograph through Vaal-
dam, program HRYGOFP called for a peak release rate 6f 1 780 m?/s,
which is about 300 m?/s higher than the peak of the observed
inflow hydrograph but 200 m®/s lower than the actual peak release
rate (Figure 4.12). Thus, even though there was a 50% over-
estimation by the hourly model of the volume of the inflow hydro-
graph, the program HRYGOP provided a basis for decision-making
that compared favourably with that offered by techniques in use

at the time.

Clearly, to improve the accuracy with which flood hydrographs can
be simulated ,undelayed hourly rainfall input to the model as
opposed to disaggregated daily rainfall is essential. This can
be achieved by an adequate network of telemetered autographic

rain gauges or possibly telemetered weather radar signals.
For real-time operation of the system,finer calibration of the
hourly model based on recent flow records for the individual

sub-¢catchments is needed.

4.8 1Inflows between Vaaldam and Vereeniging

The Suikerbosrand and Klip rivers enter the Vaal between Vaal-
dam and Vere=niging as indicated in Figure 1.1. It has been

argued that the contributions from these two rivers should be
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taken into account when determining the rates of release from
Vaaldam. Flood discharges in these two rivers, however, are
relatively low compared with damaging discharges in the Vaal.

Because of the substantially smaller areas of catchment, floods

in these rivers will normally peak at Vereeniging sooner than
floodwaters from the Vaal catchment, except in the unlikely
event that storm movement is such as to cause runcffs to peak

simultanecusly.

From an operational point of view it would be extremely unwise
to renounce optimum flood control release rates in a major river
so as to allow for uncontrolled runoff from relatively minor
sources. As one is largely ignorant of the future, it could
happen that by postponing release of water from Vaaldam to allow
floods from smaller downstream catchments to pass the potential
flood damage areas, one might forfeit the opportunity of
creating buffer capacity in Vaaldam to handle a really large
flood., It is almost axiomatic that the controllable part of a
flood should be attenuated to the maximum extent possible while
neglecting the discharges from uncontrolled rivers, provided
they are relatively small. If both controlled and uncontrolled
parts of the problem catchments are of the same order of mag-

nitude it may be necessary to view them as a single system.




CHAPTER 5 SOCIO-ECONOMIC ASPECTS

5.1 General

Described in the foregoing chapters is a system developed for
the forecasting of flood hydrographs at Vaaldam with the aid

of deterministic catchment m~dels having only precipitation
data as basic input. Thus, at a particular point in time, a
forecast can be made of the future inflows to Vaaldam expected
from rainfall that was observed prior to the reference time.
Several forecast hydrographs were routed through Vaaldam
reservoir by means of program HRYGOP to establish release rates
that would achieve maximum flood attenuation. The degree to
which historical floods could be attenuated,by means of buffer
storage dictated by the routing program in a reservoir in which
no part of the storage capacity has been officially allocated
to flood control, was clearly substantial - up to a 29% im-

provement on unprogrammed releases (see Figures 4.8 to 4.10).

A flood forecasting and reservoir coritrol system should not,
however, be aimed merely at minimizing downstream flood levels
nor at providing maximum advance warning but rather at seeking
the least-cost solution to the many problems associated with
flooding. By the same token, data-collection networks for use
with forecasting models should be designed to maximize net

benefits and not simply to achieve maximum forecasting accuracy.

Although the least-cost solution will normally be expressed in
monetary terms, account should also be taken of intangible
aspects. Often, too, an‘engineering solution has to be tempered
by political considerations. It is thus necessary to assess all
the costs and benefits, both tangible and intangible, associated
with flood contrel systems of varying degrees of sophistication

before the optimum can be discerned.

For the areas subject to flood damage downstream of Vaaldam
there is unfortunately a serious dearth of information. The
Institute for Social and Economic Research (ISER) at the Uni-

versity of the Orange Free State and the Bureau of Economic




Investigation (BEI) at the University of Stellenbosch afe
currently undertaking a study of flood damages in this area
as part of a more extensive floods study on behalf of the
Water Research Commission but at the time of writing
(February 1978} usable results were not yet available. Al-
though approximate global figures for total damages suffered
during historic floods could perhaps be assembled from news-—
paper, insurance and suchlike sources, there is no reliable
way of relating these damages to flood levels and therefore

to peak discharges and finally to flood frequencies and risks.

Because of this lack of suitable data, performance of the flood
forecasting system that has been developed could not be compared
for wvarious degrees of sophistication of the data network.
Autographic rainfall stations are extremely sparse and therefore
it was not possible to establish with reasonable accuracy the
hourly distribution of rainfall on the catchment. A weather
radar is operating in the south-eastern part of the catchment
for the express purpose of research into rainfall augmentation
but the instrument can reliably scan only a relatively small
proportion of the contributing area and in any event has not yet

produced results meaningful to the purposes of this study.

To evaluate flood control benefits one must be in a position to
relate the damage that can be diminished or averted by control
measures to features that can be observed, measured or computed
in the area of influence of the flood. Such features are (a)
depth of inundation, (b) duration of flooding, (c¢) time of
occurrence of flood peak (day/night, season}, (d) water velocity,
(e) weather conditions and (f) rate of rise of water level.
While most of the above have been discussed in some depth in

Chapter 4, the controlling feature affecting urban flood damage,

provided that sufficient warning precedes any night~time operation,

ig river stage or depth of inundation.

Because of the lack of performance data for flood forecasting
systems of different degrees of sophistication, as well as the
shortage of information on flood damages, it was not possible to

perform comparative cost-benefit calculations. The processes




involved in cost;benefit analysis of_hyd:olbgical forecasting
are dealt with comprehensively by Kuiper'® and Day®® but some
of the fundamental principles bear repeating here and these are
illustrated by actual monetary assessments wheré appropriate

data are available.

The benefits of flood forecasting are twofold : (a) those
attributable to reduction of flocd peak by manipulation of
storage in the system, as discussed in Chapter 4, and (b) those
associated with steps that can be taken, such as evacuation of

low-lying areas, if adequate advance warnings can be provided.

5.2 Flood attenuation benefits

To evaluate flood attenuation benefits one needs stage versus
damage relationships for the reach under study. 1In order that
the relative importance of flood attenuation and advance warning
can be established, a distinction should be drawn between cases-
- where. advance warning had been given and those where there had

been no warning.

For the flood-damaged areas of Vereeniging and'Vanderbijlpark,
immediately downstream of Vaaldam, the best flood damage data
available, although still very incomplete, is for the February
1975 flood. Officials of the Department of Community Develop-
ment estimated the damages to buildings and furniture to have
been in excess of R1l,6 million (1975 values). As most of those
with private insurance did not request government aid and many
were said to have refused to complete the departmental guestion-
naires, this fiqure of Rl,6 million may be regarded as conserva-
tive; it could well have been double. Furthermofe, as there
was no formal flood warning system operative at that time, these
-damages may in the absence of better information be assumed to

be directly related to river stage.

The figure of R1,6 million can be converted to 1378 value, on

the assumption that the inflation rate has been 12% per annum,

thus??! :




'Z Rl 600 000 x 1,405
= R2 248 000

where -F = future value’ '

= pastivalue

I

= factor for converting pastViﬁto-futﬁre values
= (1 + ) . . c S
i = rate of inflation (interest) per period

n = number of inflation periods.

Officials of the Department of Water Affairs have compiléd for
their own use a rough tabulation of the number of houses that
~are flooded at different ‘levels of discharge in the Vaal river
‘and its’ tributaries joining between Vaaldam and Vereeniging.
Figure 5.1 reépresents a plot of the-information used by the *

Department in connection with flood control operations.,

To provide a relationship between Vaal river flocd discharges
and ‘direct damages in the Vereeniging<Vanderbijlpark area it
seemed reasonable to assume that the relationship between

Vaal discharge at Vereeniging and houses inundated (and ‘there-
fore flood damage costs) could be generalized for thé area as
a whole. Accordingly, at 3 630 m?/s, the 55 houses flooded on
Figure 5.1 could be regarded as eqiivalent to R2,248 million

' damage for the area as a wholé and the damage at other levels -
of ‘discharge could be taken proportibnally from Figure 5.1 to
compile Figure 5.2 - an approximate damage function for the

Vereeniging-Vanderbijlpark area.

As may be seen from Figure 4.10, possible attenuation of the
February 1975 flood to 2 560 m?/s would, according to Figure 5.2,
have resulted in a present=value saving of about R2,25 million.
Figure 5.3 depicts the results of an extreme value analysis of
recorded average daily flood peaks in the Vaal at Vaaldam over
the period 1925 to 1975. As may be noted there were two other
floods that exceeded the damaging level of 3 000 m®/s, viz.

|




b5

100+
Vereeniging as a wnole
90+ W =—mm——e——- Suburb  of Peacenaven
-— = Suburb of Three Rivers
80T
70+
0
=
e
=
[T}
W
@«
Y 0+
Z

BER feevsonvcencencscess sssscvsansosvesssns sne

2 SO0 BLON FEE PEN EB A F 0 O

NUMBER (OF HOUSES FLOODED
&
o
i
¥

/
Fd
/
’
b= 7
- /]

30-}‘0 o 8 4

v o -~ ©

o % ®©

o o =]

e & : g

a v T : <

- Fal :
2048 & :

G T o : -4

v 5 3 . b

Q 3 I :

A=+ ] — o. [0
w0+4E ] Q. _g

3 = 2 = 3

£ o & :

oL O ® o T
0 ! T 3 1 T =4
1500 2000 3000 3630 4000 5000

DISCHARGE (m3 /s)
Fig.51  Number of houses ficoded in Vereeniging
versus discharge of Vaal river.




4.J..

FLOOD DAMAGE |IN VYEREENIGING- YANDERBIJLPARK AREA ( MILLION RAND)
‘ w
¥

IR AR E RIS R E N X R YT R R IR R R N Y NER RN YR NN N IELE )

S ¥
T 14
3
8 B ;
X o
& &
< 0
P~
o
0 g ) . 4
2750 3000 3500 4000 4500

FLOOD PEAK DISCHARGE (m>/s)

Fig. 5-2 Approximate urban flood damage in Vereeniging -
Vanderbijipark area versus peak discharge of Vaal River.



(m3/s)

AVERAGE DAILY DISCHARGE

5000 |
|
|
|
4000 ! Feb. 1%44|
| Y
l X
| Feb. 1975
\‘ /
I Sept./0ct. [957, x /
I R
i /
! /
%
| A
. A
2000 /
X
4
| %/
IRy _
1000 | X 0 5 20 25 30 40 S0 100
X
| L GUMBEL'S METHOD FREQUENCY ANALYSIS
I Annual floods ot Voaldgm
! Drainage area: 38 500 km® Period: 1923 - 1975
02 3 4 5

RECURRENCE INTERVAL ( YEARS)

Fig. 53 Frequency curve of annual peak daily infiows to Vaaldam.




those of February 1944 and Sepfeﬁber/OCﬁober 1957. Had these

two floods occurred at the 1975 level.of flood plain develop-
ment, the present-day damages would have been R3,60 million and
R3,05 million respectively (Figure 5.2) and the present-day
savings that could have been effected by attenuation to 3 600

and 2 950 m?/s (Figures 4.8 and 4.9) would have been respectively
about R1,45 million and R3,05 million.

From the foregoing it may be gathered that the total urban flood
damages that could be averted by programmed attenuation over a
50-year period at the 1975 level of development would amount to
at least R6,75 million, or an average of R135 Q000 per annum. If
agricultural flood damages, loss of production and inconveniences
suffered were to be included the average annual value would be
considerably increased. For example, a comprehensive investi-
gation?? into the flood damages suffered during the February/
March 1974 flood in the lower Orange river has revealed that
losses amounted to R42 million. Although the damage relationship
for the Orange river cannot bhe transposed to the Vaal immediately
downstream of Vaaldam, the flood forecasting and control system
developed for Vaaldam can readily be modified for application to
the dams in the Orange river basin. The potential to reduce by a
substantial mafgin damages of R42 million arising from a single

event makes introduction of the system highly desirable.

With increasing flood plain development and rising property values

the benefits of flood attenuation must become more and more attract-

ive.

5.3 Flood warning benefits

The benefits of flood warning lie mainly in the effects of meas-
ures such as evacuation and temporary flood-proofing, the effic-
iency of which depends on factors such as : (a) length of warning
time, (b) extent of reducible damage and (c) degree of public re-

sponse to flood warnings.

The extent of savings, both of money and of lives, depends .to a

great extent on the warning given. The longer the time lapse




between issuing of the flood warning and rise of the waters to
damaging levels the greater the potential saving. For the
Vaaldam~-Vereeniging area the time interval would normally be a
few hours =~ that required to increase releases at the rate

of 50 to 250 m®/s per hour plus the relatively short travel

time of the flood wave from Vaaldam to Vereeniging. For any
agricultural areas susceptible to damage along the Vaal down-
stream of Vaaldam, the warning time will normally be much longer
than for the urban/industrial areas near the dam. If warnings
are heeded there should be ample time to evacuate livestock and

irrigation equipment to high ground.

The extent to which damages can be averted depends greatly upon
land use in the flood plain and the relative proportions of

movable and immovable property. Family homesteads, for example,
may suffer appreciable damages regardless of the warning time or
the response to warning and whether or not all movable items can

be timeously evacuated.

Response to flood warnings is dependent upon factors such as the
efficiency with which the warning is spread, the attitude of
persons receiving the warning, the time of day or night when the
warning is received, the time that has elapsed since the last
flood, and the accuracy of past forecasts. As a rule individuals
start planning only after receipt of a flood warning, whereas

many organisations have detailed evacuation procedures.

5.4 Cost of flood forecasting systems

A flood forecasting system should have two main components, viz.
the data—-collection network and the processing unit. Each has

its manpower requirements.

For the Vaaldam catchment it has been noted in Chapter 4 that
eight rain gauges per sub-catchment were needed for satisfactory
simulations. ©On the basis that say six gauges would be shared
by adjacent sub-catchments, i.e. about one per sub-catchment,
there would be 50 gauges needed to sample adequately the rain-
fall over the whole Vaaldam catchment. (This number falls

within the JSptimum range suggested by Grayman and Eaglgson23
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viz. one gauge to every 500-1000 km?).

If the responses of these gauges are to be telemetered the cost
would be about R3 00O per gauge?*. The capital outlay would be
about R150 000 for the data network, including the receiver unit.
Maintenance could be assumed to cost the eguivalent of the salary
of one full-time technician - approximately R7 00O per year -

plus an equal amount to cover travelling and servicing.

Operation of the simulation models can be handled by a skilled
technician in less than 10% of normal working time and this
would account for another R700 per annum. At an average of at
most four potential flood situations per year and approximately
25 simulation runs per event, the annual processing cost would
amount to R2 000, calculated at the current cost of R20 per run

on the University computer.

Flood warnings can be issued through the local police and civil
defence organisations'or over the national broadcasting system.

Costs involved would be negligible.

If the capital cost of R150 000 is spread over a l5-year life
at 12% interest, the equivalent annual cost would be given by?!:-
12
a=rpr (2
P_n
= R150 000 x O,14682
= R22 023

where A = annuity

@) = 1(1+i)"
P, D=1
n (1+1i)
The total annual cost of a flood forecasting and gate operation
package would therefore be of the order of R39 000, which is
appreciably less than the annual benefits, estimated in paragraph

5.2 to be at least R135 000.
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5.5 Radar measured rainfall

Although, as indicated earlier, it was not possible during this
study to test the performance of the hourly catchment model'with
radar-measured rainfall as input, the idea holds great promise
for the future and therefore déserves brief discussion here.
(Flood forecasting with the aid of data from the CSIR weather
radar at Houtkoppen forms the subject of a separate study in
flood hydrology within the 4 000 km? catchment of Hartbeespoort
dam currently being undertaken by the author jointly with

Dr. W.V. Pitman of the Hydrological Research Unit}.

The chief advantage of radar-measured rainfall, as oppoéed to
point rainfall telemetered from autographic gauges, is the im-
proved depiction of the areal distribution. Anderl et al®®*found
streamflow simulations aided by weather radar to be more accurate
than those based on continuous measurements by a network of one
gauge per 500 km? (equivaleht to 77 rain gauges over the Vaaldam
catchment) and of much the same accuracy as simulations based on
the output from a special network having a density of one gauge
per 25 km?.- The area of'catchmentifor these studies, however,
was only 90 km? compared with 38 500 km? for the Vaaldam catch-
ment. As the rainfall may also have been of a different type

one cannot unconditionally extrapolate to the larger catchment.

An on-line weather radar is potentially much easier té operate in
real-time than an extensive network of telemetering gauges hooked
to a central processing unit. The radar is also less vulnerable
to communications bréakdown than a telemetering network, for
which telecommunications form the verv basis of the system. Power
failures, which frequently occur during major storms, can be

obviated by provision of an emergency generator.

The capital outlay for weather-radar coverage of the Vaaldam
catchment would be from R200 000 upwards®®*, depending on the
type of system installed. While operating costs could be less
than double those associated with a network of telemetering
gauges, the overall annual cost of operating an on-line weather
radar would Be of the same order as that for a telemetering net-

work. A final decision, however, can be reached only after a
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complete analysis of the costs and benefits associated with both
systems. Also to be borne in mind are the not inconsiderable

benefits of weather radar other than for rainfall measurement.




CHAPTER 6 SUMMARY AND CONCLUSIONS

The primary objective of this study was to develop and evaluate
the performance of a real-time flood forecasting and gate op-—
eration package of computer programs, having only current rain-
fall data as input and providing output by means of which flood
damages can be minimized. If input to the computer programs is
catchment rainfall {(either telemetered from weather radar or from
sample recording gauges} rather than telemetered streamflow data,
valuable time can be gained, making it possible not only to ad-
vance the warning time to occupants of the downstream flood

plain but also to pre-release water from the reservoir and thus

enhance the flood control capability.

Vaaldam, one of South Africa's most important étorage units, was
chosen as the practical example upon which to develop and test

* the package. The HRU daily and hourly catchment models were em-—
ployed for converting rainfall to stream response. The resulting
simulated flood hydrograph provides the input to the optimization-
program, HRYGOP, for operation of the flood gates. Extensivé
tests were performed to determine the sensitivity of both the
daily and the hourly models to changes in catchment parameters
and rainfall data input. Spatial distribution of rainfall over
the catchment was also investigated as was the correlation of
weather forecasts with recorded rainfalls. The inherent flood
attenuation characteristics of the Vaaldam reservoir were
investigated in depth in Chapter 3, as was the possible influence

of the reservoir on catchment mndel parameters.

In Chapter 4 it was demonstrated that real-time flood forecasting
by deterministic catchment models makes it possible to attenuate
the peaks of major floods at Vaaldam by as much as 26 percent.

It was also shown that to achieve this, rainfall data must be
available at least at hourly intervals so that, where necessary,'
pre-release can be commenced at the earliest possible moment and
so that there can be some precision in the time distribution of

rainfall, which is so vital to the accuracy of the simulation.

The annual benefits to be derived from a real-time flood fore-

casting and reservoir operation system for Vaaldam were assessed




at roughly R135 000, while the costs might Vary between R39 000
per year for a telemetered rainfall system to upwards of R50 000
per vear for a radar-based system. Although the benefit-cost
ratios may not be spectacular there are without doubt distinct
economic advantages to a system for the contrnl of flood re-
leases from Vaaldam. Needless to say, to attenuate the peak of

a major flood by up to 26 percent is highly desirable.

Because of differences in climate, topography, population, land
use and 1ével of economic development withiﬁ the flood plain,
benefits to be derived from advance warning and flood attenuation
will vary widely from one watershed to andther. Transposition of
the system to more vulnerable watersheds than the Vaal would
yield increased economic gains and facilitate improved flood

‘plain planning.




APPENDIX A

Table Al Listing of rain gauges used

v/ = used in combinations of all rain gauges

3 = used in combinations of 3 rain gauges per sub-

catchment
8 = used in combinations of 8 rain gauges per sub-
catchment
gi;ggr Latitude |Longitude |1944 flood |1957 flood | 1975 flood
298/244 289341 289391 v Y v
298/301 28931 28941 v v
298/512 28932 28948 37/ 8 37/ 8 3/ 8
298/545 28935 28%9" v
| 298/638 28938 289521 v Y

298/871 28931 29°00" Y 8 v 8 Yy 8
3317271 - | 28%1* | 28%10°" Y/
331/275 28005" 28°10° Y v v
3317292 2822 28%10" v
331/375 28°15° 28913 v Y
331/455 28905+ 28°16" 3/ 8 v 8 Y/
331/474 28924 28°16" / 8 v v
331/520 28°10" 28°18" v 8
331/554 28°14" 28019 v
331/658 28°28" 28022 v
331/740 28920" 28°25" 37 v 3V 8
331/794 | 28°14° 289271 a: /8
331/828 28°18" 28°28" v 3V v
332/030 28°30" 28°31" : Y/
332/094 28°04" 28034" v/ 8 v ‘
332/103 28913 28934 Y V v 8
332/120 28°30" 28934 v v
332/201 28°21" 28937 / 8 / 8
332/210 28°30" 28937 v
332/326 28°26" 28°41" / ' v
332/349 28%19" 28°942" y 8 v/ 8
332/364 28%014" 28943 /
332/378 28°18* | 28%43" v
332/512 28%2" 28948 | / 8 / 8
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ﬁi;gzr Latitude | Longitude {1944 flood |1957 flood [1975 flood
332/614 28014 28°51 " v/ 8

332/663 28%03!" 28953 3V v v/
332/674 28°14" 28953 v
332/828 28918 289581 J
332/892 28022 29%00 v v

333/051 28°21¢ 290902 v W

333/100 28°10°" 29%04 3/ 8
333/226 28°16 29°08" v Y v
333/249 28097 2909 " v

333/291 28°21° 29010 v 8 v

333/401 28°11 29014 v 8

333/485 28°05 29°17° v

333/531 28°21" 29°18" v

333/682 28°22¢ 29°23" v Y v
334/008 28%08 29°31" | /
334/244 28%04" 290391 v ‘
367/066 27936 28°03 v v v
367/091 27931 28%04 " v/

367/167 27%47° 28%06 a

367/177 27957+ 28°06 " Y Y v
3677219 27°39" 28°08" v/ v/ 3/
367/439 27%49" 28°15¢ v

367,/484 27934 28°17" / 8
367/553 27943 28°19" 3/

367/600 28°%00"* 28°920" v v
367/602 27932 28°21°" v v

367/670 27%40" 28923 / / 8

367/768 27°48" 289267 37/ 8 v 8 v/ 8
367/780 28°%00" 28926 v 8 v 8 3/ 8
368,/003 27933 28931 v / 8 / 8
368/222 27%42" 28°38" Y /8 3/ 8
368,243 27933 28939 / 8 v/

368/263 27953 28939 v 8

368/516 27°36" 28°48" v

368/581 27%41" 28°50" v ,
368/634 27°34" 289521 3V i 3V
368/831 27951 28058 v v 8 v
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Eiggzr Latitude | Longitude }1944 flood 19577flood 1975 flood
369 /030 28%00" 29%01" v v v
369/117 27957 29%4" v v/
369/136 27%46" 29%5" / 8 / 8 / 8
369/185 27°357 29%07" v v

369/238 27%8" 29°08" v v v
369,284 27%44" 29°10° Y : / 8
369/411 27%51°" 29%14" v/
369/505 2795 29°171 v v 3/ 8
369/531 27%1" 29°18" v/ 8

369/596 27°56" 29%20° y

369/720 28%00" 29%24" 3/ 8 3/

369/785 27%35" 29°27° Ve " / 8
369/819 27939° 29°28? / 8 v/ 8 v
369/896 27%6" 29%30° v / 8

370/101 27%41" 29°34" 3V 3V 3/ 8
370/116 27%56" 29°34" Y/ '

370/279 279391 29%10" v/

370/302 27°32: 29941+ v 8

370/352 27%52° 29042 v/ 8 /8

370/486 27%36" 29%47" v/ 8
370/509 27°59" 29947+ /
402/827 27°17° 2758 v
102/886 27%26" 27591 v
403 /054 27%24" 28%02" v 8 Y v/ 8
403/062 27%2" 28°03" v Y v
403/224 27°14" 28%08" v v

403/291 27°21°" 28°10" 3/ 8

403/292 27%22° 28%10" v

403/398 27%s8" 28°14° / 8
403/401 27°%11" 289141 / 8 v/ 8

403/474 27%24" 28°16" 3/ 8 J/

403/646 27%16" 28°22" / 8 / 8 3/ 8
403 /886 27%16" 28°930" v v
404,/007 27%07° 28931 Y 8 v/ 8 v/ 8
404/055 27°25¢ 28°32" 3/ A

4047132 27°i2°¢ 28935 v v v
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Gauge Latitude |Longitude |1944 flood | 1957 flood |1975 flood
404/152 27902 28°936" Y/ v v
404/177 27927 28936 3/
404/316 27%16°" 28941 Y 8 v 8 v/ 8
404/366 27°06° 28943 / 8 J/
404/390 27°30°" 28943 v / 8 J/
404/459 27°09" 28%46" J/
404 /608 27%8" 28951 v 8

404/614 .27%14" 28%51° 3/ 3/ 8
404,771 27%21" 28956 / 8 ‘
404/817 27%7" 28°58" v v
405/001 27%1°" 29%71" / 8 / 8
405,030 27930" 29%1" / 8 3/ 8

405/283 27°13" 29°10" / 8

405/295 27°25" 29°%10" 3/ 8 3/8
405/448 27%28" 2915 / 8

405/632 27%2" 29%22¢ J/ J/ / 8
405/687 27%27° 29923" 3/ 8

405/753 27%03" 29%26" J/ J

405/819 27%9 29°28" / 8

405/891 27°21° 29°30" / 3/ 8

406 /138 27°18°" 29935 3/ 8

406/190 27%10" 29°37" J/ 3,/ 8

406/221 27911 29°38" / 8
406,/496 27%16" 29%47¢ / 8

406 /551 27°11" 29949+ J/ 3/
406 /607 27%7" 299571 / 8 / 8 J/
406 /682 27%22¢ 29°53° J/ J J/
407 /045 27°15" 30°%02°" / 8 / 8
407/397 27%7" 30°14" / / J/
439/203 26°53" 28%07" /
439/389 26959 28°13" 3/ 8 3/ 8 3, 8
439/498 26948 28°17° J/

439/688 26758 28923 / 8 / 8
439/764 26°44:" 28°26" J/ J/ J/
439/769 26°49° 28%26" / / 8 J/
440/018 26°48" 28°31" 3/ 8 3/ 8
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Gauge Latitude | Longitude {1944 flood |1957 flood |1975 flood|
‘number : ,
440/129 26°39" 28°35°" v
440/435 26945 28945 v 3/ 8 v
440/449 26959 289451 / 8 v Y 8 i
440/501 26751 289477 Y 8 v 5
440/621 26°51" 28951 v é
440/637 26°37" 28952 Yy 8 v 3/ 8 |
440/767 26°47" 2856 v v/ i
440/804 26°54" 28%57° Y |
440/873 26°33" 29°%00" /8 |
440/885 | 2645 29%00" / §
441/104 ; 26%44" 29%%04? / Y ?
4417113 | 26953 29%04" v /8 %
4417215 | 26%35° 29%08" v E
441/261 26%51" 2909 / |
441/270 27%00° 29%09 Y v 3/ |
441/285 26°45" 29°10" v |
441/309 26°39" 29°11" - v |
441/385 269551 29°13" /- §
4417447 26°57" 29°15" 3/ |
441/523 26°43" 29°18" / 8 ;
441/578 26°39" 29°20°" vy 8 %
441/580 26°40" 29°20" /8
441/596 26%561 29%20" v v
441/650 26°50" 29922 v v
441/694 26°34" 29%24" v /
441/777 26%57" 29261 VAE: / 8 / 8
4427/046 26°46" 29°32¢ Y

442 /068 26°38" 299331 / 8 / 8 v/
442/123 26°33" 29°35" v
442/150 27%0" 299351 v/ v/
442 /177 26°57" 29936 v
4427194 26°44" 29°937" 3/ 3/ 3¢/ 8
442 /288 2648 29°40" v

442/458 26°38" 296" Vo8 / 8

442/527 26°47° 29°48" v

442 /654 26°954" 25%52¢ A
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Gauge Latitude | Longitude | 1944 flood | 1957 flood | 1975 flood
number , SO ,

4427660 | 27%0"° 29952" 3/ 3y 3/
442/677 26°49" 29°54" v
442 /764 2644 29956 %

442/811 26°31° 29958 3/ 3y 3/ 8
442/853 26°43" 29959 v
442/867 26957 29%59 v v/ v
443/196 | 26%46° 30°07" /8 / /8
443/451 26°31" 30%16° v v v/
443/463 | 26°43" 30°16° v v 7
443/523 26°43" 30°18" v
477/629 26291 28°51" v

477/772 26%22" 289561 3/ 3/ v
478/039 26°09" 29°02°" / 8 R

4787292 | 26°22¢ 29°10°" /
478/360 26°30" 29912" v v

478/386 26°26" 29913" , v
478/837 26°927" 29928 v

478/867 269277 29%29° v
479/238 26°28" 29°38" v v v/
479/298 26928 29%40" V8
479/778 26928" 29956 v Y
479/858 26°18" 29959 /
480/170 26°20" 30°06* v /
480/267 26927° 30%09° VR /8 '
480/377 26°17" 30°13" ' v




Table A2 : Combinations of the rain gauges reporting daily to
DWA, as used for simulation of February 1977 flood

Gauge CIMO1 CIM02 CIMO3 CBBOi C8MO4 —C8M14' ‘C2MO3
at: ) ‘ .

Bethal % 4
Bethlehem v 4
Ermelo 2y
Frankfort Y v
Harrismith | . 2V
Reitz v v
Standerton| ¥ Y
Vaaldam ' v
Villiers ' o Vv
Volksrust v v
Vrede % Y v
Warden v A

2 = double weight allocated to gauge to compensate for poor
spatial distribution
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Table 23 : Average daily rainfall (1/16 mm} for

the seven sub-catchments

from October 1943 fo March 1344, as measured by B rain gauges

per sub-~catchment

Data description Year, month, average daily precipitation (1/10Omm).

(Max. of 31 consecutive values, -1 ihdicates a non-day) -

Table A3,1 Sub-catchment C1MO1

- 43 10 33 e 0 o 23 15 59 8 49 51 13 o 67 31
. 0 8 Q-

.o o] o 71 74 2 10 58 1¢c0 18 73 59
43 1t 46 70 34 60 I 3 6 0 104 15 10 2 Aag
42 16 3 29 15 37 6 o] s} o] s} 0 26 72 =i
43 12 1 24 0 0 .0 177 €5 15 0 14 63 B86 91 146 .
0 5 12 15 7% 49 136 218 90 61 -0

60 12 C 0
a9 1 B85 238 118 55 111 67 32 19 37 c s} 4" 67 230
o] s} e 30 26 a0 0 51 &3 70 109 70 63 5 o}
a8 2 293 all1 217 73 101 167 T1 53 a7 10 20 7 a o]
2 235 90 4 G 0 4 0 17 101 29 24 G4 =] -1
aa 3 0 0 o} 4] o} o] o 0 s} 0 s} 0 0 o}
s} s} o] s} 0 0 0 o} 0 0 c o] o] 0 0

Table_A3.2 Sub~catchment CI1MC2

a3 10 ) 0 0 0 0 t3 3a 60 76 68 92 B6 225 20
3 0 ) 0 20 3a & 79 _ _ 1 58 34

a3 11 26 22 a 12 ¢ 1 19 20 0 0 19 37 78 119
&4 0 a a7 s2 ) ) ) ) o o 0 112 =1

a3 12 11 8 © 232 3 149 31 0 0 a7 205 71 149 0
o 75 2 31 0 23 0 8 158 179 119 11 4 0,

1 18 $01 100 S1 135 &9 0 o 0 ) 0 & a6 93
o0 0 .0 0 9 30 &3 45 101 98 32 56 0

2 1€1 265 395 252 169 120 16 I3 0 83 48 28 ) o
72 o 0 0 0 11 65 0 1256 0 76 23 16 -1

3 0 ) ) 0o 0 c ) ) 0 ) 0 0 ) 0
0 0 0 o 0 2 ) o o 0 0 0 0 0

a N

44
44

44

o © o u

Table A3.3 = Sub-~catchment C1MG3

43 10 ] 0 o] 0 o) C Q 13 T8 16 66 25 118 31
0 6 1 0 o] g2 70 10 [ 5 180 195 21 31 64

43 11 94 110 & 9 25 Q 13 o) o] 21 T 39 52 56

106 11 26 12 133 90 12 18 C S o 34 68 76 -1
41 12 ] 5 25 5 78 110 2 0 17 200 190 170 36
o o] o} o 32 33 250 109 6 9 0 126
a4 1 23 75 122 41 57 56 3 o o] 12 o] 8 56 97
o o] o 117 o 0 0 6 4l 86 65 128 26 23 <)
44 2 179 594 302 191 135 T2 a7 81 o 2r 31 o] o] 0
5 12 17 o] ¢ 61 67 T 42 27 31 37 -1 -1
as 3 0 0 0 0 2] C o] 0 o & o] 0 [ o)
o] o} 0 o] o 0 o} o4 0 u s} 0 0 0 0

Table A3.4 Sub-catchment CBBO1l
43 10 3 0 0 0 0 241 0 o

7 17 0 0 0 a1 T 4 0
a3 i1 66 124 89 0 o} o 27 2 26 5 39 169 g 236
aa 2a 0 13 53 44 3 o} 2 0 0 a2 0 114 -1
43 12 o 2 0 160 o 15 ¢} Q 0 #2 240 177 110 114
t
T

67 0 178 180 131 o
23 326 o4 566 106 37

0 o 7T7 0 0 0 12 2 2 109 49 28 4% 4 25
a4 I 64 5§55 75 38 23 119 189 49 o] 0 o 181889 12
5

0 o] o} 14 o] i2 12 2 2 0 132 163 o] i5
44 2 300 202 255 182 3032 186 62 23 o] 14 12 1 0 0
3 16 o] 6 7 0 0 150 a o] 11 42 46 =1 -i
a3 3 0 o] 0 o] c c 0 c o 0 c -0 o} 0
0 0 o] o] c o 0 0 0 0 o] o 0 o 2

214

24
15

241

a0

ao

W o 0o N o

&5 o.0o o 0 o
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Tabhle A3.5 Sub-catchment C8MOZ

[¢]
0 [»} G 0 Q ol 3] 0 [»} 0 0

a3 10 s} o 0 0 o 37 0 0 23 23 160 533 205 6 s}
5 4 ] 0D 28 1t 37 24 1% 133 137 112 37 98 24
43 11 96 58 115 61 22 22 198 32 S50 18 832 349 71 130 220
65 93 3 6 47 27 0 0 [of 0 3a & 0 239 -1
43 12 43 i8 ¢ 13s t 15t 13 0 0 60 222 137 71 296 o
s 1t tz2a H 3 4 9 & 26 93 2& a0 3 1s 26
4 1 £4 12 34 76 B2 34 13 101 o 11 D 67 6B A1 0
0 0 ¢} o} 0 i4 o0 sa 0 6 108 5 & ¢} 5
48 2 213 180 213 110 231 1€7 82 43 3 54 4 2 0 ¢}
o) [} s} o 12 0 28 5 34 31 56 80 2 -1 =1
a8 . 3 ¢} 0 ¢} 0 [} 0 o] v} 0 ¢} 0 0 o} o o}
o} o} s} o o s} o] o) 0 0 0 ¢} 0 v} 0
Table A3.6 Sub-catchment C8M14
43 10 3 0 0 0 & 28 21 3 12 11 181 424 323 12 28
4 o 0 o} 0 22 11 i2 0 100 320 157 33 85 9
43 11 129 68 69 32 0 %3 195 120 16 8 B4 101 78 11a 60
32 B8r 31 6 19 44 0 0 o} 0 16 9 1 60 -i
43 12 65 12 ¢ 4 37 56 a5 26 2 78 89 225 49 64 €
0 0 101 22 0 0 326 20 21 145 33 110 7°¥ 1 70
a4s 45 18 120 90 9& 43 & 24 5S4 0 o 0 29 135 77
0 0 0 0 0 fa} 6 20 32 2 4 55 135 o} o}
aa 2 215 283 382 182 107 184 62 38 4 6 5 6 0 0 ¢
0 6 o 0 o} 1 12 S7 45 11 2% "33 44 =1 =1
44 3 0 0 0 o} 0 0 o} o} 0 b} 4} o} c 0 o
o} 0 o o 0 o] o} s} Q 0 0 ¢} 0 o} o}
Table A3.7 Sub~catchment C2MO3
a3 10 o o o} 7 0 7 75 48 B0 104 831 2t 3
o o] 0 26 129 48 12 b 3 431 144 47 80 130
43 1t 75 3 4 31 13 0 0 & 138 4 17 120 17 99 130
55 15 37 0 63 25 a5 0 0 o] o} 1] c 26 -1
43 12 0 o} o ié 0 32 0 0 0 43 273 262 T7¥ 73 8
4 17 4] 0 ¢ 11 7 6 97 44 a4l 31 1S o
as 1 7 2 at i 14 1i9 20 11 0 1 24 7 o
0 0 ¢ " sa 0 8. 0 102 23 24 81 103 29 0
a4 2 447 248 379 302 258 143 159 66 0 0 10 0 o 0 0
14 3 4] 0 3] 1 0 216 93 29 0 3 8 =1 -1
45 3 o 0 1] a ¢ c [} 0 0 0 o o o
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Table A4 : Average daily rainfall {}/10mm) for the seven sub-catchments
from October 1956 to October 1957, as measured by
8 rain gauges per sub-catchment

Data description Year, month, average daily precipitaticn (1,/10mm)
(Max. of 31 consecutive values, -1 indicates a non-day).

Table A4.1 Sub~catchment C1lMO1

56 10 [¢) 0 o] 0 0 0 2 0 ¢} 3 133 76 4 21 19
s} 39 33 14 49 56 75 5 1 28 38 289 665 188 43
56 11 22 0 28 7 33 22 20 0 Q 0o 33 3t T 1a 1 25
o 1 4% 176 251 6B 95 69 18 46 8 o 0 55 -1
6 12 226 182 &4 43 202 S1 5 36 35 ] a 37 17 50 5 10
T 68 14 28 118 187 13 0 395 20 & 1la 3 1
€7 1 Q o 13 T 0 2 116 30 285 58 144 01 7 o 1
6 27 2a 2 27 24 45 11 13 Q a6 1 Q T 25
57 2 ge il 13 a 0 5 0 92 25 a4z2 19 o 0 0 Q Q
3 [+} o} 0 5 105 16 97 130 9 0o -1 ~=1 -1
57 3 0 34 43 131 15 it 28 56 27 0 c o A3 il
LX) o 0 0 a7 &5 TTr 14 Q Q o} 1 o o} .
57 4 25 o0 26 93 8 0 o] 0 17 99 56 7 57 A 1" 30
¢} 0 0 s 0 0 0 0 Q 3 686 28 o} a =1
57 5 o s} 0 ) 0 0 Q 0 ] 4]
¢ 17 61 3a 0 8] 2 0 <3 0 ] 0 0 [} 0
57 6 ¢} o 0 c o} o] 22 1 (o] 0 0 o]
Q 0 0. s} o} 0 Q s} &5 Bi 50 33 0 o =1
57 T 202 211 129 31 16 2 0 10 o} G Q o] o] 0 0
o s} ] o] 0 o} 0 o 0 0 0 Q 0 0
5T 9 0 0 ] c C 0 o [#] 0 0 o] o 0 o]
0 0 s} 5 24 12 3% a8 1T &7 T 0 0 o}
5T . 9 0 Q 0 o} 0 0 o} 0 17 1a §3 176 J47 €6 6B 0
o] 1 0 0 230 83 83 95 187 62 s} 3 66 -t
5T 10 1 146 68 T2 6 s} ¢} 6 36 53 34 ] 0 0 [+} o)
3 1 2 33 1 o] 10 143 43 49 1RGC 96 24 2 aq

Table 24.2 Sub-catchment C1M0O2

56 10 o} s} 0 0 0 Q o} 8 5 0 66 ¢} o 2 21 13
3 242 i1 23 0 56 1 2 a1 49 36 135 134 97 435

56 11 154 4 30 31 ¥ 8c0C Q 0 o] 32 133 169 o] 0 & 3
3o 6 0 205 228 52 93 33 20 22 18 0 1 2 =1

56 12 79 191 46 0 435 c 28 27 20 Q0 100 ,54 37 12 60 17
o 12 0 0

I4 8 10 33 150 260 o] a2 227 90 22

57 1 3> ¢} 8 0 D o 2B [} 28 233 141 200 26 46 T Q
2 ) 3 17 o 23 as 14 14 3 B6 29 11 27 4B

57 2 a5 a s} o Q 24 12 1t0 15 79 37 21 o] 3 0 0
0 o 0 33 78 92 10 58 -1 -1 -1

57 3 0 o 23 B6 15 29 35 19 71 as T o o} 0 161 2
38 o} o Q 34 4l i 24 0 ¢} [} o 0

57 & 1 19 23 9 7 o o 0 59 25 8 3 a c 35
1t s} 1 o] v} 0 4 44 a o J -1

5r 5§ ¢} 0- o 0 Q [} 0 0 0 3 ) 0 o}
o] 8 34 23 C [o] 0 o] 12 2 o o] 0 0 0

E7 b6 Q2 Q 0 c ¢ o] ¢} 8] 19 37 o 0 o 0 0
0 0 o] o] 0 o 0 0 44 &5 0 0 o -1

ST T 263 404 106 71 26 25 0 3 8] 0 9 0 2 0 o} 0
0 1 o] o 0 2 a2 o s} o o o] [}

57 8 0 o] 0 0 o} C C o} 0 o} [¢] 0 0 0 ¢} 0
o Q o] o} Ao 34 34 87 38 50 3t 0 0 a o}

57 9 0 s} 3 0 = 0 o} o] 13 26 55 3B4 94 162 1 2
o} 0 3 i5 4 205 113 214 133 263 61 0 0 159 -1

57 10 1 158 128 1 56 o] 10 2 49 40 0 s L 27 c 0
<A 14 23 o ] o] cC 107 35 314 1ci1 105 aa 1 o
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Table 24.3 Sub~catchment CI1M(3

56 §0 o} 0 0 ¢] c C 0 0 0 C 89 57 o} 4
3 51 25 i5 a4 59 2 36 60 Bs 220 59 166 S0
€6 11 34 4] & 0 0 32 =1 0 0 o] 6 At 25 4]
21 a4 2 148 22€ 106 53 Ti 33 30 17 2 0 -1
56 12 92 169 5 15 276 63 3 o] 0 5 23 15 25 20
22 2% 4% 5 58 163 4} o 107 S7 3 15 o} 0 0
57 1 4 o] 33 o] =1 o] 17 49 139 212 179 137 0

1 io0 C 41 49 29 22 13 ol 4 20 18 6 27
57 2 43 28 0 12 317 13 0 127 55 16 16 11 ol o]
D o] 0 4] 8 101 33 99 97 [4] o] -1 -1 -1
57 3 o] 0 95 37 26 T 52 39 73 126 9 o] 0 o]
30 0 3 4] 19 143 45 30 4] o 2 o o
57 L3 17 19 is 117 & [+ ¢ o) o} 57 17 26 2 1
i3 Q 0 o] o] 0 o] o o] 1 4 0 Q -1
57 5 c 0 o] 0 o c o} ¢ 0 0 o] o] a0
o] 0 20 30 0 o b} 0 o 0 0 0 o} 0 0
57 & o] 0 0 0 0 0 o] 0 0 0 T o} 3 0
0 0 0 o] 0 ] 0 b 3 &8 90 17 0 g -1
57 7 133 318 163 14 0 12 o] 2 3 o] 0 s} "] o]
o] 0 c o] 0 0 0 0 0 0 0 0 0 0 o]
57 8 0 0 0 0 o] 0 O 0 0 ] o] ] o]
0 0 0 o] 4 0 10 105 47 35 S 9 0 0
7 9 0 o} o] 0 s} [ 0 0 10 26 53 219 i09 98
0 0 o 11 0 232 60 139 88 327 a5 a6 o 57 -1
7 10 39 204 51 |+ 3] Q Q 35 2 113 o] 3
56 3 1] 4 9 3 0 129 104 325 10L 45 22 o] 0
Table B4.4 Sub-catchment C8BO1
56 10 s} 0 o] 0 0 0 2 0 c 3 17 = 2 30
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Tabhle A4.5 Sub-catchment C8MO4
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Table Ad4.6 Sub-catchment C8M14
56 10 0 a ¢} 0 c 0 0 o o 0 8 o 2 5
4] 76 93 0 25 52 29 27 44 83 37 65 1024 90 2830
S6 11 2Q3 59 80 o) Q 33 ° Q 1 0 & 180 0 2
- X0 | 0 72 15 43 a1 23 Fé 10 26 0 0 o] -1
56 12 59 165 a7 9 138 104 S50 as 29 a5 i30 TT 5 16
101 1 .58 44 137 180 89 52 324 254 54 s 0 10
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Table A5 : Average daily rainfall (1/10mm} for the seven sub-catchments
from October 1973 to September 1975, as measured by
8 rain gauges per sub-catchment

Data description Year, month, average daily precipitation (1/1Cmm)
{Max. of 31 consecutive values, -1 indicates a non-day).

Table A5.1 - Sub-catchment C1IMO1
73 10 9 o o0 0o o0 o o 0 0 =23
o e o

5}
-

28 3% 10 49 a

0 0 0 4 o] 19 98 14 13 9 51 0
73 it 36 59 18 17 o] G 0 53 24 la7v 0D 260 103 48 28 19
a e] 56 203 126 ST 27 43 0 142 36 0 o} 1 -1
73 12 2 1 a 23 0 3¢ 3 16 165 0 o 0 11 0 29 280
18 193 45 67 o) 0 i1v 96 26 0 0 0 o o 12
T4 1 155 59 7T 92 3 39 0 0 0 a6 18 28 50 s o]
AT Q a5 32 91 124 102 222 10 L} 0 o 70 5 0
T 2 T4 o} o] 6 SO0 &8 283 ] 3 4] 2 1 o o]
23. 3 20 0 0 9 113 2 o 2 0 0 -1 -1 -1
T4 3 5 o s} s} 0 0 Q109 S 5 L7 o 61 11 0
o} 0 0 o} o} 5 193 o] 1 0 5% 21 28
T4 & 7 60 134 53 o 3 16 10 15 o 78 4] o 12 [
1 [} 0 1 13 Q i2 79 109 Ta 0 4] o -1
76 S /] 0 0 0 23a 6 @ 0 o 0 o ¢ 4] 1 0
115 9 8 0 o] ¢ o) 0 8] o) o 0 o} o] 0
74 & 49 i23 10 0 G -0 0 0 o o} 0 0o J o} o] 0
o] ¢ o o] 0 o} 0 0 o 0 o] o 0 o -1
Y& F B85 50 o] 8] o] G s} 0 8] 8] 0 Q 0 8] 0 o]
0 0 o) 3 [+ 0 Qe 0 0 o] 0 [¢] 0 Q 0
Ta B8 o} Q 0 o] 0 o o 0 o 0 Q ¢ 2 9 32 o
Y 0 1 o o] ] 0 s} o} 0 o] o) 0 1 0
Ta 9 0 0 0 19 28 C 0 o o] o] o 0 0 100 a2. o]
0 o o] 0 0 4] o] 0 [} o] o] o} o} o -1
TA 10 o o] 0 o] 0 94 51 120 s} o ¢ o 0 o o 2
o} v} 0 o 3 o 2 3 26 o} 31 194 T1
74 Il o} 1 o] 1 173 S9 13 79 1i5 197 109 27 22 a
13 48 539 24 20 2% 5 39 0 2 B4 35 28 41 -1
T4 12 26 99 <] 8 - © o 30 171 50 218 21% 37 o] 0 o
39 T 2 ¢ Q o] 25 T9 223 36 T o
75 i 0o 190 o] Q o 78 D a3 a4 4 37 82 0 213 212
156 212 93 o] Q 0 o a5 51 29 126 48 62 1 Q
7 2 0 o s} 7 16 3a 22 102 135 28 211 221 322 a8 59
? 12 76 51 2 4 & 0 0 10 58 5 -1 -1 -1
7B 3 0 o] 0 0 o] [\ 0 o 0 o] ) Q 0 (LI ¢ 0
9 0 0 0 Q J I8 o s} o} o o 4] 8] 0
7S 4 c 0 Q Q 0 0 8] ¢ 0 o] 0 o] ¢} Q 8] [s]
0 o] o 0 0 0 o 0 0 o] o} Q s} o 8]
S 5 o 0 Q o c o} 0 0 Y] Q 8] o] o] o ¢} 0
0 o) c 0 ¢ o 0 0 0 ¢/ o 0 0 ¢ 4]
5 6 0 [s] 0 0 jal o) L] 0 o] o] 0 0 0 [\ 0 o]
o e] 0 ¢} s} 0 o] o o} [s] s ¢} Q 8] 0
N7 o] o} o o o Lo} 0 Q o] 0 Q 8] Q 4] ¢} o]
0 Q Q 0 o 8] o] 0 0 [+ o 0 s} o) 0
5 8 0 0 Q 0 2 0 0o - 0 0 Q o] o] o} 8] 0 0
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Table A5.2 Sub-catchment C1MO2

73 10 2 0 o] 83 29 c s o o} B §3 64 2o a1
o] 0 0 o] 0 0 2 J 113 561 = I3 33 t3
73 11 23 [} 15 o] o c 1a 38 1 a9 15 96 17 ica
15 0 Q92 156 200 44 3 73 i5 b4 = 0 Q0 0o -1
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74 ] 13 93 31 Q o) c 0 0 23 o} Q 8] 2 0
o] 0 Q 8] o] o} n o o o} o} o] Q2 o =1
T4 k4 33 8 0 o -9 v 2 S 0 a Q c o} o)
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o c al 0 o] o] 2l a o) 2 2 0 Q 2 -1
74 190 id0 10 i1 0 o 35 13 656 82 c g9 Q 0 0
o} o] J 3 1 e 2 [~ 15 18 28 111
74 11 o) <} [} 9 110 152 30 5 71 55 258 0 5&
0 53 235 L&67 16 26 13 &7 2 10 L 54 26 25 -1
74 12 52 55 36 56 o] ic o el 1c 150 9z T7 0 Q
64 34 130 143 a7 0 108 54 154 117 70 4a a a1 0
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133 8% 91 Ty 21 c 9 138 163 69 160 a7 115 33 C
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5 3 11 10 [o] o] 1¥ B2 54 o 27 Qo ] 5 17
52 ST 14 25 0 7 8] 3 8] 0 1 16 0 0 0
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Table A5.3 Sub-catchment C1MO3
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Sub-catchment CEBO1
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Table’ AS 6. Sub-catchment C8M14
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Hourly rainfall for the period Jan/Feb 1944 (1/10mm) as

Table A6

measured by 8 daily-read rain gauges per sub-catchment and
disaggregated into hourly falls according to the procedure

adopted in thHe daily model.

Data description

a.m. or 2 = p.m.,

Gauge number, year,

month, day, 1

Yy precipitation (1/10mm).

12 consecutive values of average hourl

Sub~catchment C1lMO1
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Sub=-catchment CIMO2

Table A6,2
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Sub-catchment C1lM0O3

Table 246.3
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Sub-catchment C8BQL

Table aA6.4
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Sub+catchment CBMO4

Table A6.5
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Sub-catchment C8M14

Table A&.6
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Sub—catchment C2MO3

Table A6.7
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Hourly rainfall for the period Sept/Oct 1957 (1 /10mm)

as measured by 8 daily-read rain gauges per sub-catchment,

Table A7

and disaggregated into hourly falls according to the

procedure adopted in the daily model.

da.m. Or 2 = P.M.,
{1/10mm) .

Gauge number, year, menth, day, 1l

17 consecutive values of average hourly precipitation

Data description

Sub-catchment C1MOL

Table A7.1
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Table A7.2

Sub-catchment C1MO0O2
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Sub-catchment CLMO3

‘c1M03
C1%03

Table A7.3:
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Table A7.4

Sub-catchment CBBO1
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Sub-catchment CBMO4

Table BA7.5
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Sub-catchment C8M14

Table A7.6
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Sub~-catchment C2MQO3

Table A7,7
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{1/10mm} as
sub-catchment,
ding to the

Yy _falls accor

period Jan/Feb 1975

y-read rain gauges per

Hourly rainfall for the
measured by § dail
and disaggregated into hourl

-

Table AS8

ly model.

procedure adopted in the dail

a.m., or 2 = p.,m.,
(1/10mm) .

month, day, 1

Gauge number, year,

Data description

Y precipitation

ues of average hourl

12 consecutive wval

Sub~catchment C1lMO1

Table 8.1
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Table 2A8.2

Sub—catchment ClMo2
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Sub-catchment CIMO3

Table 78,3
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Sub-catchment C8BO1

Table AB.4
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Sub-catchment C8MO4

Table AB.5
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Table AB.6

Sub-catchment C8M14
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Sub-catchment C2MO3

Table 8.7
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as measured by "DWA" déily~read

rain gauges, and disaggregated into hourly Talls according

to the procedure adopted In the daily model.

A2%

Hourly rainfall (1/1Omm)
Sub-catchment CIMO1

Data description as in A6 to A8
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Sub~catchment C1MO2

Table 29.2
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Sub-catchment C1lMOJ3

Table AS.3
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Sub-catchment CB8BO1

Table A9.4
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Sub-~catchment C8MQ4
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Sub~-catchment CBM14
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Sub-catchment C2MO3

Table A9.7
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A3l

(1/10mm) as

measured by "DWA"daily rain gauges, and disaggregated

into equal hourly rainfalls for the days during the storm

Hourly rainfall for the periocd Jan/Feb 1977

Table AlO

2871777 to 972770 .

(viz.

Data description as in A6 tc A8

Sub=catchment C1MOLl

Table A10Q.1
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Sub-catchment C8M14
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Table Bl :

Bl

APPENDIX B

List of catchment characteristics and runcff model

parameters as used in simulations

Sub~catchment

c1MOl [ciMoz |lC1MO3 iC8BO1 {C8MO4 |C8M14 |C2MO3

Area (km?) 8192 | 4152 | 6272 | 4449 | 3527 | 7497 | 4416
MAP (mm) 780 794 708 708 725 812 700
POW 3 3 3 3 3 3 3
SL (mm) 0 0 0 0 0 0 0
ST (mm) 95 95 95 95 95 95 95
FT (mm/day) 0,1 0,1 0,1 0,1 0,1 0,1 0,1
LAG (days)* 2 2 1 1 2 3 1
LAG (hours) ** 46 51 23 26 49 57 19
AT (%) 0 0 0 0 0 0 7
ZMINN (mm/h) 1,0 1,0 1,0 1,0 1,0 1,0 1,0
ZMAXN (mm/h) 5,0 5,0 5,0 5,0 5,0 5,0 5,0
P  (mm) 1,5 1,54 1,5 1,5 | 1,5 | 1,5 | 1,5
TL {days) 3 3 3 3 3 3 3
GL (days) 6 6 6 .6 6 6 6
R 0,5 0,5 0,5 0,5 0,5 0,5 0,5
DIV 0 0 0 0 o) 0] o)
| QOBS m?/s o,0L { 0,01 { 0,01 | 0,01 | 0,01 [ 0,01l | 0,01

* Total internal plus

external lag

**  Total internal plus external lag

for daily model

for hourly model




B2

Table B2 'Description of_input variables used in program GOP

Symbol Units Description

N day duration of hydrograph

I m?/s present rate of release

J m? /s/hour max. increase in release rate

K m?®/s gross basic release rate = pipe
releases plus normal flow

S m? present storage available below FSL

T m? max. allowable storage above FSL

W number day of peak

¥{(I) m?/s average inflow for day I

F m?/s average simulated inflow for day 2

0 m3 /s max. discharge rate for piotting

* Day 3 refers to the present day.

The inflows for days 1 and 2

are observed inflows while those for days 3 to N are

simulated inflows.
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Table B3 : Listing of program GOP

THI
Fik JIRT
HYDROGRAFHS EHTE

rt ereon vy e e o Bt o o

CHLLHLATES

OIM 5¥I0
REMIND

Blsk "TOTAL

THPUT %
DIEF i,
Eny
SFOCON WHAT
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SRR T N
L THEM i

IF i"ii”T.
P T1=T1R 0L

IH[[I el 3
I+ lm}i THEM 26

PE IR

3=

GOTO @ee R
FREIMT * - BESERYE CRMROTY OBE FILLED
FRIMT
GOTD @
PRINT *
FRINT
PREINT
FRINT
FRIMT 7 JUENY
VFTPYT "




4 FRETHT " EMFLOE CoulR M = ipse VITFLON C0UR M: = 18 "LTERATIONS = 518
FEIMT ' '

FRIHT

1 OPEINT

1 FRIHT

i FREIHT

i HRITE

S8 FORMAT 2

W PREINT

PRIHYT 7 EEEREERELE LS R R R E S R D E SRR RS R E R R R R R

FRIMT : :

DTse "D 50U WAMT Ta PLOTS

WHIT Zags

REM IH HMULTIFLES OF S&8

SN OYES fME. R IF MG RPRESS BT

FHPLT 1
TFE 8 THEHN
Dl:F TPROGREMM

N S T N N N
R R

(R ESeTal]

b s CLo1 ] s SEE s BB

r DIRF
STOF
DEG

g iHFEL

CLHAMGE FERT
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LETE CPLUT ~&s

T8 LHBEL 16

12380 FORMAT F5. 8
1 MEWT 15

FOR [&=G T

FLOT p—a

CRLOT 1:-B

g

LABEL

FLOT
CRLOT =24
LABEL

LT
cRLarT
LAREL
| F

foEE END

Table B4 : Sample output from program GOP

A CEE S EE LT

TEY LR [HFLCH
CHREC

o 1
o 2
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Table B5 : Description of input variables used in program HRYGOP

Symbol Units Description Card Format

RELRAT m3/s present rate of release 1 free

STOBEL m? present storage available free
below FSL

STOMAX m? max. allowable storage above free
FSL

IYEAR - present year free

MONTH - calendar month free

IDAY -~ present day free

IHOUR - present hour free

OBSINF m3/s observed average inflow rate free
for prev. day

MDAYS - number of days over which free
mass balance should be per-
formed

RELMAX m?/s/h max. hourly increase in rate free
of release

- - blank card 2% -

K - day in date of flow record 3%% I3

L - month in date of flow record I3

Il - vear in date of flow record I5 7

HOURIN m*/s simulated hourly inflows 24F5.0

* Statement 4900 allows for one line of heading to the output
file of the hourly model (see Tables B6 and B7).

**Card 3 is répeated for each day in the two calendar months
covering the flood period
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Table B7 : Listing of program HRYGOP

FROG R A M BRY GOP .

THIS PRUGRANM CALCULATES RELFASE HATES FIR MAXaea ATTENLATION
UF RJURLY FLOCD BYDROGRAPHS ENTERING A REIERVIIR.

RTLRAT - PRESENT RATF {OF KRELEASE (CUMECS}.
STO3EL — PHESENT STORAGE AVAILAOGLD . HELOW FULl, #4T8R
LEVEL (M2},
STOMAX -~ SAXIMUM ALL CRAZLE STORAGE AJUVE FeWoel.e {(MX%3},
IYEAR - YEAR }
MONTH ~ MONTH O} ]
icay - DAY }) OF TFE PRESENT TIME.
IS0 UR - HCUK Y
JBEINF = JB3CRVED INFLGOW RATE FOR THE PREVI U3 2AY.,
AS AN AVERAGE FOR THE DA (CUMECS ) W
HOUREL — HUUKLY FELEASE SATES {CUMFECS?
HZURTN = HIURLY IWFLCw DATARS {CUMECS)
IPReV = A FOINTER SHCOWING THE POSITICON £OF ThE P2evIOIus
SAY'S DATA
IFPFES - A FLINTER SHOWING THE FUSITICN JOF THF PRESENT
DAY 'S DATA .
TO3TINF — TLTAL INFLCOW FOR TERE DAY (M%%3)
MOAYS - NULMBER (OF CAYS DVER WHICH ¥ASS SALANCE
S5ROULD BT PFRECAMED
FELMAX = MAX. HOHRLY TNCREASE [N RATE OF
RELEASE (CUMECS /v HOURD) .

CIMENSION RUURINEZ24.20)+HOUKELL 24+420F o STATUS{ 24 42
CIVNENSICN TOTINF{ZCY, JCAYS{12
CAT3 JDAYS / 1428031030931 030,431,531 :30e31+430a.731 7
LCCICAL FLAG
READ (5.%) KRELRATs STOHREL. STUMAX, IYEAR, MOGNTE» TLAY o
) InduRs  OBSINF s MDAYS, RELMAX,
Wi ITE (6.6000) IVEAR, MONTE, ICAY: THOUR. RELRAT. STQUFLs
STOMA X, NOSINF« MIAY S, KELMAX

FCR¥AT (1Ml /77 LOX2REFLOW RATES FIOR  MAXIMU4  ATTENUATICN /

10X, 3iH0F HCOUFLY FLCOD HYDRCGRAPAS, / 1IX 490 4F=—=»=1, 1K=

S EXa1aRPRIESENT CATEL s Taslti/ s L2400/ o CalaXaHTIME L L1272,

AHHD D

A4 Xy 2EHPREFSENT RATE OF RELCASE T-312X+G1l o 8H{CUNECS)

s/ X s 2EHMPRESENT STNRAGE AVAILAGLE,

/S X s 2ZMOELCW FULL WATS R LEVELI 14X eGl0 el i 6HIMAIFII]

LS AKX 25FMAX o STORAGE ABIOVE FawWwal I 12XeG1lbGalTeHH{MR2TY)

s/ X GAZHORSEREVED AVERAGE INFLCW RATL FIR

/S O OXeLTHTHT PREVIOUS DAY 320X +G511e380{CUMILS)

/7 OXsZaHPERIOND FOR MASS BALANCE: $ 13X [3e0BX, L.HH{TTAYS )

S OOR s 3THMAX « HOURLY INCREASE IN ROLEASE RATE D

1X 0G1ll S 13RH{CUMECS/HOUR)

S/ ZIRSZOHSTMUILATED HOURLY ITHFLIW RATT ).

rd czl)<v?(‘:5H"""l.?H’""‘

S/ BXe10H DATE o8 RXs1h}} /7 53Xe2{diim~m=ds2H]—,

S G m—————— Py 3

Lo

)

FEAD ThD SIMULATED HOURLY INFLGAS.

FEAD 113:4%59)
FORSAT {18 )
KZAY = I[DAY-Z
IF (KLCAY «GTs ©
MONTH = kMouNTH—

} 60 TO 1302
1
3

IF {(MONTheaFus 3 G T 11128 _ o
IF (4U0NTHFeFEws £ sANDe IYEAFLLQa{IYEAR/4}®4) GO TZ 1050
KD AY = KDAY+JLAYS{HMONTH)

GO T 1300
KLAY = . .KLAY+:9
GO TC 1380

RLAY = RKOAY+LS]
MCRTH = 1o
TYEAR = IYZAR-1

rd
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FECORD FCR PRESENT LCATE

[ale!
o0
(]
-
7

13206 12 = 2

140C Iz = I2+1
REALC (10,5100 ) Ke La TI1 :
IF (Tl oLTalIVEAK 0P e LaLTMCNTH o0RKe K.LToKDAY) GO T 14C0

CETERNMINE LENGTE GF STMULATED RECORD AVAILASLE

[eTa NS

12 = EG-{MDAYS~1)
iIF (I2.LT. I3) €O T 1500
BRITF (6,62003
£200 FAORMAT (LlH=,T1Ce?a%%d%x STMULATED RECORD TJIG SHOXT Fur® .,
* * ACCFETABLE RCUTING?)
STO> 10350

C
15GC 12 = MLCAYS
LC 1500 J=1,12
FEALD (1045100 ®oe Le I1, (FOUKRINT{TI«J)e I=1,24}
E150 FORMAT (21341 S,24FS. CH
11 = 11-{(0I1/71C03%120)
MRITE (B.0I100) I1e Le Ka {(HOURIN{IsJ}el=1,2612 .
100 FOEMAT (SX¢2{I12¢1H /3 T12:3(2H] +8B{rTel+2H |} /7 L13X) 22K -
S B{OH= == = 1y
1530 CONTIRUE
C
C CCMPLTE THE TOCTAL SIMULATED INFLCWS: STARTING AT TrQ
C FREVIOULS DAY, ENDING MDAYS+L DAYS LATER.
C
IFREY = 1
IPRES = 2
K = IPRES+MDAYS—1
£ 1700 Jd=IPHEVK
TCYINF(J)Y = HOURIN{L 2J}
LG 17C0 1I=2.,24
170G VJCYINFEJY = TCTINFOJDI+FCURIN(TIJ)
C
C {CMPUTE ThE AVERAGE SIM. TAFLOW FOR THE PREVIOLS 0AY. {CUMELS)
.
AVERIN = TOTINF{IRPREVI/24.0 .
C
C
C CETERMINE THE CAY DURING waHICH PZAK CCCUARSB, FOR THE
C FERIOD »TARTING AT THT PRZVICUS DAY, ENQING MODAYS DaAYS
C LATERS
C
K = [IFRES+S
CFLCMAX = (.C
LC 1800 J=IPREVsK
IF {(TOTINF{J) e LTeFLONMAXY SC T3 1820
FLCMAX = TOTINF{J}
IFEAK = J
1800 CUNTINUE
I90C IF {IFEAK.GT . IPKREVY €O TO 2103
C
C ACJUST SIMULATED INFLOWS ACCORDINMG TO THE PREVIOUS
C CAY'S OQUSERVED INFLOWw.
C
L = [FREV+4
FRINCK = {(UnS INF-AVFRINI/S.C
C
CC 273C0 Jd=1IPRES.L
CC 2200 [=1:2%
S00C FOULRINII o} = HUUKINIT o JI+HRINCR®{L+1 -]
C
s .
< CALCULLATE THE VGLUMFE 0F INFLLCw, UOVER MLAYS CAYS.
C
Zi1CC FLOMDA = (a0
= IPCUR+]
C

CC 22CC I=Jds24 )
270C FLONCA = FLUMCA+HOUR IN(TIZIFRES)

Ha

K = IFREZ+1L
L = IPRLES3+MDAYS-Z
r
EC ZZ230 J=KsL
CC 2300 I=1s2%
FLCNDA =FLLCMDA+RUGUSINGT . J)
2320 CCNTINUEZ
FLCWDA = FLCOMCA%36C7.%




NOON

[aXalalal
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N n
OOy

OO0
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o [ ]
o 0O
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<
[ T &

LT

STCHAG
FCUREL (
IHC

-

TRE
CaLc

- 2BCO
CC 2802
FCUREL{
FCUREL(
IF
STCRAG
IF
CUTVGL

COMTINUL

CETSRM]
CLTIvCL
1F (CJT

iF {CFL
CRLTA
FLAG

TESYT FO=
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S ¢

hme
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TE ThE UUTFLDW VOLUMES START WITkh THE LEMIT
FLCw RATES DUTLIM = 12Q.0
1 .
oFALSE o
Tel
= 100.L%{1.,0%¥CELTA)}
= O el
= D3
IFOUR . IPRES Y = RELRAT
Uk+1
1=Js 24
T2IPRES) = AMINI{GUTLIMy RELPAT+{I-I+IJUR)ERAILAAX )
ESelie IPFEAK o Cile HOUREL (I + IPHES) e LEHOURIN(I s IPRFS)})
U 25CC
2 STORAGH{HOURFLL TS IPRESY~HOURINCL o IPRESI I IH00. 2
MAX st T o2 TORAG) FOUREL{ILIPRES)Y = HUURIM( L. IP<ES)
= CLTVCL*HJUP L{I +IFRES)
VALUS S CALCULATED FOR THE PRESENT DAY,
CLATE TRE DAYS FULLLOW ING.
JEK L
I=l,cztd ' .
Ied) = FDUREL(?Q-Kv!}+((J—K)*24.O+I)*HFLMAX
IsJdd = AMINLICOTLINSHOUREL{IL+J)) .
e IFPCAK 20Rs POURSEL (I sdd el E.hOQURIN{TI+J}) GO T4 2700
= STORAGH(HOURFLE T« JI—-hDOURINI L, J) ) *30033
MAX WL TaSTORAG) HOUREL{IsJ)} = HOURINI{IWJ)

QUITVYLLAHQUDNFELTI . d)
Z

17 TrE INTLOW EQUALS ThE JQUTFLOW PLUS STLIEL .

CGUTVYLL %3800 .2

NE

VUL+oTCHEL LT FLMMZTAY GO TO 3102

THaLdo SaC) GG TS 320G

L1 A"’O -1

oTHU"‘-
~ 10C 1TERATICNE,.
FelLTse 102.0) €O TC 3CCO
€e3C0)

{80 sk MORF ThAM ICC ITERATIONS wWILL 55 SNEZUGED®
230

1TER+1
R eRe)

) GOOTO 3309

DELTA+L .0
G530
Dena&D0)

("CH#x& NESTRVYCIF WitL MOT 8E FILLED® /)
IHUUF s TERESY = 120 C0-STC3EL/033212532.3
Ui+ 1

I=J. 4

I elPHESY = STATUS(I=1, IPRFSIF{(HCURIN{L, IPRES)-
DURELIT W IPROS)I)I®1.244CH13R2E-24
+1

i=zla24
Te 1) GG TL 3£CC

i
738




Blé

C .
I7?OC STATUS(I.ILl) = STATUS(J;K)f(HﬂUQIN(I.II)—HOUREL(I;IL))*
L3 leH44561282E-04
C
IF (11.LT. MDAYS} GO T 3546
C
C CETERNMINE ThE NUMOER OF LAYS IN THE. MONTH
~
1F {ICAY-2.0L7e CY GO TO 7700
MONTHR = MIONTH+I
7000 NDAYS = JDAYS{NMLNTH}
1IF (MCNTFesFta 2 «ANDaS IYEAR o Ede [{IYEAR /%) %4)) NDAYS = 27
KL AY = [ICAY ’
-k = MCAYS
12 = 2
CC 41G0 J=IFRESsK
[2 = 1241
1IF (IfLTe. ) GC TC 3392¢C
12 = 1
wWFRITE {G.65031
EHNS FORMAT (1Al /7 19X«1 EHHOURLY FLOW RATES :
* S LU X E(GH=—== )y 2F== S/ 18X, 2 3HHOUR INFLUW ALTFLCW .,
* ﬁH STATLS /7 25X 22HCUNECS CUMELS ’ % 7
L3 CHKRe EH=w == —— — -} )

ARSC BWRITE (0.60600) IYEAR. MINTE, KLDAY
EAQC FCRMAT ( 7H DATE:I o1as1H/7:12.147.12 )
IFIKDAY s NEL IDAY Y GO TD 3900
wR I 7= (bpﬁ?DO) {I hjLPr[l'\(ItJi.H R L(IQJ):STATUﬁ(InJ};
* 1= 1FDQURs 24 3
CGL TC 40090 _
(Be5700 1) LIarSLRINTTI 203 oHOURELIT 3 0) 2 3TATUS (L) s 121 ,24)
ETCC FLRNAT (149X 12 a2FF 01 4552}

A409C KLCAY = KDAY+]
1IF (KDAY sLE.NDAYS)Y »C TO 4alocC
kCay = 1 ' :
MOCRTE = MONTH+H1
1F (MONTR.LE. 12} GO TC 41C2¢C
FC™NTH = 1
IYELAR = IYEAm+}
1350 CONTINUE
Wi ITE (£,63030) FLOMD A, CUTVOGL. STOBUEL. ITFR
FACLE FLRMAT (7 1H=913X P EN LIW (CUs M3 = P aF16e4
* SOl SX. TUUTILOw (CUR M) = f,F1S.4a
% S 10X PSTURACT {CUE M) = *2F1H.4
* /s 19X *LTERATEICNS = I3 sy TaXe23(2H %) /)




FLOwW RATES FOR MAX TMUM ATTENUAT TON

JF HOURLY FLGAOD HYDRPCGRAPH S
PRESENT CATE: 19787 1/28 TIHAE:
FRESENT RATE OF RELEFASE:=- 350920
PRESENT STORAGE AVATLAILFE,
SJELUOW FULL wATER LEVEL: 4495Q00
MAX s STORAGE ABUVE Faewel? o Q
B EFERVED AVERAGE INFLTW RATE FOR
THE PREVIOUS LAYQ F6%. Q0
PERTID FUOR MAS3SS BALAMCES 12
MAXe HOURLY INCREASE IN FELEASE AT ?SiDOC

. LATE
737 1727
787 1728
73/ i1/29
7?/ 1730
787 1731
5/ 2/ 1
757 27 2

|

Tes 27 5
T8/ 2/ 4
?ds 27 05

SIMULATED ROURLY INFLOW RATES.

G+7 40 | ©37.C G370 Q41 .0
a7 39 B 6HHe 0 £E5540 E44 ¢ 0
735 «C T7HLD 7&7 60 75500
100740 1101.0 114240 114540
108460 1053.,0 Q05840 104345
D74 4 CE1.0 G4B. 0 935.0
30340 | #5C.0 P78.0 367 .0
B47 .0 834 .C B4 e 0 HES e D
83640 79547 76440 77440
72640 71540 737.0 6370
09 . 0 RS e 0 677«C 667-0
64 o0 5150 63640 599 40
S556 60 553.0 S44 o O 538D
50149 4G540 L4300 48240
451 « 0O 443 «Q 4370 43240
/% - Ny 360, 0 A4 4 C 3490
35340 3G8 .0 353 .¢C 348.0 |
32640 iz2.0 170 3140
204 ¢ D 283,00 28640 281 .0
23 e G 2r1 .0 2550 25540
23740 233.0 23C 0 2270
2Zl3a.C 212.0 20740 2070 |
19243 1 89,0 13t O 183,90
17340 17G 40 ‘ 168.G LE7 D
12643 135 o s 152.0 149.0Q
14240 172,08 137.9 13540
ic7e0 | 1295 | 125 C 12Le0
ileedd 1137 l 113.0 11%.0
1Cu o3 1020 1310 160 .0
RYAN 53.0C ] 13 ¢ 3340
————— -._-..[ [P o — — — - A ap e -

— e

3HOO

(CUMEC

Qe {

{

(CUAEC
(DAY 3)

3)

Ak X3 )
e 3 )

3)

(CUMECS/FIUR)

 92E.0
03240
75200
11660
1029490
92240
87642
35149
764 00
71063
65300
3Gled
53040
ATH e
32Ted
384D
34340
31050
277 e
2504 D
22649
2G 26U
1820
16500

ladde I
1359
121lev
1390
Di3e
Gl ag

B84

i e i

904 .0
809 «D
89840
1114 .0
106028
RO .0
871.0
328.+0
T432.Q

i ——

7180 .

. 640 .0
57740
E1€.0

L B€3,.0
415.0
373-0
3Z€.C
301.0
27040
24340
J18.0.
1SE.0
180 40
16Ca0
144 o0
131,20
11940
10540

Ga.0
3R 4D

g A o

- 110040

- ———

E9L.0
75E£.0
GEC0

A -

SEE.Q
G000
856,40
B1T+0C
73440
7 €.0
E3L 0
5660
£1C0.C
4EF4C
4CG 0
352.0
321406
25740

. ——

2ET4C

gd STd®L

.
.

dO9A¥MH weiboad woay jndino s1dwes
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HOURLY FLJIW RATEST

HAJIUK T NFLOW CUTFLOW STA
CUMECS CUMECS %

DATE: 1673, 1/28

5 11460 NCG o C YheN7”

o} 11510 £30.0 0Rel5s

& 11220 630635 98 .30

9 133440 5300 937

1G 1069,C 630 0 .43

11 1CoEeC H3ZDe O 953630

12 104 3.0 ©3J9Q DEeD 6

12 1C2Ga G 532.0 9d .03

15 1C0 2.0 ©372.0 YR e74

17 C74.0 6300 G5 e85

18 QF.I.O 633.0 ':’8.';3

15 G453, 0 G200 X I s

20 SG2Za0 6300 U3 eCO

21 92240 6350 99 GG

z2 3C 54 D £30.D 99 409

2.3 B37.0 3%« 0 G .14

’ 24 GO0 C &32.0 D317

. DATE?: 1S73/ 1/279 : : :

. 1 G0 3.0 6330 SO e21
e - B9Je0 £30.0 YO 235
3 B78.0 65370 « G G W23
&4 AT 0 53340 934,33
5 870 30.0 G495 e36
& BEB3.C G308 Y9G 240
7 271.0 €3C.0 . 9Y.44
3 859.0 630 o0 i) ath 3
9 E47.0 620.0 G9,.31

il 849. C 53206 39«53
12 BG4.0 53280
13 AR51.0 6300
15 A23,0 530 .0
1¢ £817.0 630G
17 Bl b.0 83240
iB T3Ze9D A35.0
19 T24a 0 G32.90
20 T74.0 6H30.0
21 TEG, 0 £30.90
c2 7o 2.0 £30.0
23 74 3. 0 ©330
e 73440 £3Ced Diie 31
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HOURLY FLOW RATESI

HOUR INFLOW SUTFL OW STATUS

CUMECS CUMECS %
DATE L 1873/ 1750
1 T2E.0 6300 39 £ 922
2 Tite O 6530,0 A9 0 34
3 TC7e0 630. 0 95 eI
4 E97a4a0 630 .0 gglgh
5 7100, H350.0 GQe37
& 7230 £300 Q9 .33
7 715a0 6300 10000
3 706.0 €32:0 100.01
G 655, 0 630.0 106G .02
i0 EB5. 0 65330 132.03
11 GT7e0C £30.0 163 =04
12 €67, 0 6230 iCo.04
13 £582.0 £30.0 100935
14 EG1.0 £E32a.0 1G0.0%5
9] 4 06 0 6300 162.05
16 6320 6303 1CC 05
17 624,0C E23.0 10005
13 615.0 6150 160 .05
i3 £06.0 T 6050 10005
29 59G. 0 5630 160.05
21 591.9 5G1leU 155605
2z S8Z2.0 5832+ 0 1G0.05
23 STT7.0 5770 180 .35
24 568 O 536663 100.05
DATE: 1S7Va3/7 3731
1 55E. 0 5583.0 100 .05
2 523, C 55340 12075
3 544 .0 544 02 1CC .25
& £38,. G 538.0Q 1C0s05
S 530. 0 5300 190,05
S 522. 0 5220 10005
7 516a10 S16ef 13005
8 51Ce 0 510.0 100.C5
G 53140 50120 102.05
1o 3950 495.0 1CO.TS
11 493040 4900 100.05
12 482,0 4820 10005
13 &7 L C 4L THeD 10005
14 47C-0C A TS 12095
15 460 34T 45360 180 425
16 4537 D 4570 100.95
17 4510 451 .0 103,05
l& 44 44 0 44440 100 .05
i1c 4370 4370 100.95
20 432.0 4220 IC0 05
<1 427 G L2700 106D «805
22 L2220 42248 120 05
23 4150 41330 100.05
24 4050 4L3.0 130 .05
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HOURLY FLOW RATESS

T e M ey G S R O N A RS AR S ) A N . R A . YO i

HOUR INFLOW ouTrLOw S5TATUS

CUMECS CUMECS %
DATE: 1978/ 2/ 1
1 40460 40840 100 4G5
2 359.0 399.0 10005
3 394.0 3%4,0 10005
4 35940 389.0 100,05
5 3340 3B4,0 100.05
& 378,0 3730 10005
7 3732.0 373.0 10005
8 36840 36540 100.05
9 363.0 36340 16005
10 356,90 35840 100,05
14 3530 253, 0 100.05
12 348,0 348.0 10005
13 343,0 343.0 10005
14 341.0 341.0 10005
1S 336.0 33640 105 .05
16 3310 3310 100405
17 32640 32640 100.05
18 352, 0 322.0 100.05
19 31740 2170 100a05
20 314.0 318.0C 100405
21 30G. C 30940 100,05
22 304.0 304.0 160.05
23 351.0 30140 100.05
24 29740 297.0 100.05
DATE: 1578/ 2/ 2
1 29480 26440 10005
2 2589,0 289.0 100205
3 28¢€. 0 28690 1C0.05
ry 281.0 28140 10005
s 27760 277.0 10005
& 278,.0 27440 100,05
7 270.0 27060 100,05
8 26740 267+ 0 10005
9 263.0 263.0 100.05
10 2€1.0 26100 10005
1 258, 0 25540 100.05
12 255.0 25540 100.05
13 25040 28040 100.05
14 246,0 24660 100 .05
i5 242, 0 243.0 100.05
16 240,0 24040 10005
i? 237, 0 2370 100 .05
18 232.0 232.0 100,05
19 23040 23C 0 100205
20 22760 22740 100.05
21 22€40 226G 10005
2z 2272.0 22240 100.05
23 218, 0 21840 100605
24 216.0 21640 109405
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HOURLY FLOW RATES:

D T ol A U L A M i o e VA A A O WP O, W \amie s d3F e

HOUR  INFLOW  OUTFLOW  STATU

CUMECS CUMECS %

DATE: 1978/ 2/ 3
1 213.0 213.0  100.025
2 210,0 210.0  190.05
3 207, 0 2C70  100.05
4 207.0 2070 100.05
5 202.C 202,.0 106 .05
€ 201.0 2610 100.05
7 196.0 1960 130,05
8 194.0 164.0 10005
9 192,0 19260 100,05
10 189.0 18960 100 <05
11 18€.0 18600 100405
12 185.0 18540 100 .05
13 182, 0 182.0  100.05
14 180.0 180.0 100.05
15 1800 180+0  100.05
16 17440 1740  100.05
17 17360 173a0 100405
18 1700 1705.0  100.05
19 1680 168.0 100405
20 167. 0 167.0 100405
21 165,0 16560 100.05
22 162.0 1620 10005
23 160.0 1600 10005
. 2% 159.C 159.0 100.05

DATE: 1578/ 2/ 4
_ 1 156.0 156.0 100,05
2 155.0 1550 180405
3 15240 1€2.0  180.05
4 149.¢ 149,90 160 .05
5 148, 0 148:0 10008
& 147.0 1470 100205
7 146, 0 14400  180.05
& 14%e0 14300 100405
9 142.0 14240 10005
10 135.0 139.0 100,95
11 137.0C 1373  100.05
12 136, 0 13620 10005
13 135.0 135.0  1C0.03
14 132.0 132.0 100.05
15 121, 0 131.0 100.05
16 130.0 1330 .0 100 .05
17 1270 127.0 1G0.05
18 125.0 125.0 100295
19 125.0 12540 100.05
26 121.0 121.0 10005
21 121.0 1210 106 <05
z2 120.0 120.0 100.05
23 119.0 119.0 100405
24 116.0 116.0 10005
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HOURLY FLOW RATE ST

o A A o A A i i i A e A R N M i R U i Sy

HOUR INFLCW OUTFLOW STATUS

CUMFCS CUMECS %
DATE: 1975/ 27 5
1 11600 116-0 130.05
2 113.0 113.0 100.03
3 112.0. 113.0 10005
4 111.0 111.0 10005
] 1CSa9 1099 10QaC5H
& 1070 iC7e8 1G0.35
7 1C06.0 1060 i00.05
£ 10&£, 0 1CHe0 1CQ0e0C5H
9 1040 124 .0 1C0 L5
iG 128 1020 100 .05
11 1C1.0 1519 1C005
= 150 180.0 15005
13 GHa. 0 B a D 1C0e05%
L 4 GEL.O G242 12C G5
18 GE. O THe O 100.05
16 5.0 CETEY 190.05
17 Ghe Z4 .0 1ICC.05
1B 23.0 G3,0 L3005
15 932 0 S3.0C 1C0.05
ZC' Q30 Gled 10Je35
21 ERERY 310 1C0 .05
2z 838.0 H8s O 100.U5
23 88,0 BB 0 1035 05
24 BEs 2 8660 133 .05

INFLOW (CU3 M) = 326822430 .
- BUTFLOW {CUuB M) = 2800551264
STORAGE {(CUB M) = 44950C0060
I TERATIANS = 14

% & &k K & ok & K & & ok k h & k ok K x x w & & %k % %k




Cl

_ LIST OF REFERENCES

lo

U.S. National Water Commission. Water policies for the
future, Water Information Centre Inc., Fort Washington,
N.Y., 1973.

Midgley, D.C., Pullen, R.A. and Pitman, W.V. Deeign flood
determination in South Africa. Report No. 4/69,
Hydrological Research Unit, University of the Witwatersrand,
1969.

Hydrological Research Unit. Design flood determination in
South Africa. Report No, 1/72, Hydrological Research
Unit, University of the Witwatersrand, 1972.

Bauer, S.W. and Midgley, D.C. A4 simple procedure for
synthesizing direct runoff hydrographs., Report No. 1/74,
Hydrological Regearch Unit, University of the Witwatersrand,
1974.

Pitman, W.V. A mathematical model for generating monthly
river flowe from meteorological data in South Africa.
Report No.2/73, Hydrological Research Unit, University
of the Witwatersrand, 1973.

Hutchison, I.P.G. Take S5t. Lucia - Evaluation of ameliorative
measures by mathematical modelling. Report No.l/76,
Hydrological Research Unit, University of the Witwatersrand,
1976.

Herold, C.E. Mathematical modelling of some aspects of the
water and salt circulation in the Richards Bay/Umhlatuszi
system. Report No. 4/76, Hydrological Research Unit,
University of the Witwatersrand, 1976,

Pitman, W.V. 4 mathematical model for generating daily flows
from meteorological data in South Africa. Report No. 2/76,
Hydrological Research Unit, University of the Witwatersrand,

1976.




10.

11.

1z.

13.

14,

15.

16.

17.

18.

19.

cz

Pitman, W.V. Flow generation by catchment models of
differing complexity - a comparison of performance.
Report No. 1/77, Hydrological Research Unit,

-University of the Witwatersrand, 1977,

Weiss, H.W. 4n integrated approach Lo mathematical
flood plain modelling. Report No. 5/76, Hydrological

Research Unit, University of the Watersrand, 1976.

Rooseboom, A. Sediment afvoer gegewens vir die Oranje,
Tugela en Pongola riviere, Tech. Note No. 59, Dept. of
Water Affairs, R.S.A., 1974, '

Linsley, R.K. and Kohler, M.A., Varigtions in storm
rainfall over small areas, Trans. American Geophysical
Union, Vol. 32, No. 2, April 1951,

U.$8, Army Corps. of Engineer, Marnual E.M. 1110-2-3600.
Reservoir Regulation. U.S. Govt. Printer, Washington,
1959,

S.A. Weather Bureau.  C(limate of South Africa. WB 36,
Part II, 1974. '

Department of Hydraulic Engineering, University of

California, Berkeley. (Prof.J.A. Harder, private communication) .

Kovacs, 2. Hydrometeorological method of flood forecasting
for the Vaaldam. Tech, Note Noc. 79, Dept. of Water
Affairs, R.S.A., June 1977 {(unpublished).

Plate, E.J. and Schultz, G.A. Flood control policies
developed by simulation. 2nd Int. Symp. in Hydrology,
Sept. 1972.

Lapidus, I. Digital computation for chemical engineers.
McGraw-Hill, 1962.

Kuiper, E. Water resources project economics. Butterworths,
1371.




20.

21,

22,

23.

24.

25.

C3

Day, H.J. Benefit and cost analysis of hydrologiecal
forecasts., WMO report No. 314, Geneva, 1973.

Riggs, J.L. Economic decision models for engineers and

managers. McGraw-Hill, 1968.

Viljoen, M.F. Vicedskades in sekere riviertrajekte van
die Republiek van Suid-Afrikaq. Part III, Vol. 1, ISER,
1977. '

Grayman, W.M. and Eagleson, Peter S. Evaluation of radar
and raingauge systems for flood forecasting. Dept. of
Civil Eng., Massachusetts Institute of Technology,
August 1971.

Messrs du Toit and Lloyd. Personal communication. S.A.

Weather Bureau, Irene.

Anderl, B., Attmannspacher, W., and Schultz, G.A., Accuracy
of reservoir inflow forecast based on radar rainfall
measurements. Water Resources Research, Vol. 12, No.2,

April 1976.







