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This report is complete but refinements related to the assumed
urban and industrial demands and irrigation abstractions are
currently being considered. It is not anticipated that these
will have an appreciable effect on the analyses and conclusions,
but the refinements are necessary if the data and methods described
here are to be used as a basis for the future operation of the
system and the planning of future bulk water supply augmentation
projects.

This information will not be available for another month or two,
but decisions relating to the complete lifting of restrictions
may have to be made before then. This report provides a basis
for such a decision.

Some of the diagrams are still ~n a rough form and they will be
improved;



The present drought is extremely severe from a water resources point of
view and far more severe than the droughts assumed for the planning and
design of water supply systems in South Africa or, to the best of my
knowledge, more severe than equivalent design criteria used in overseas
countries. Although the restrictions imposed in the Durban-
Pieterm~ritzburg area have caused a great deal of inconvenience to
householders and additional costs to some industries, they have not
resulted in a significant reduction in industrial production. The
financial losses to water users other than irrigators have been minimal
when compared with agricultural losses and human suffering in areas
which do not rely on large storage dams for their water supplies.

The steadily diminishing water resources available to South Africa as a
whole, and the very high capital costs of large water supply projects,
inhibit the construction of projects sufficiently large to provide the
carry-over storage necessary to survive a drought as severe as the
present drought without having to impose restrictions. We can expect
to have to live with mild restrictions of increasing frequency in future
together with occasional bouts of severe restrictions.

We have not as yet developed general criteria for the imposition of
restrictions in any of the major systems in South Africa mainly because
of the wide range of options available. For example we could develop
rules that would involve frequent mild restrictions in order to avoid
the possibility of more severe restrictions later. Alternatively we
could reduce the number of mild restrictions if we are prepared to
accept a greater risk of severe restrictions.

The optimum solution cannot be determined by conventional optimisation
techniques because of the subjective assessment of what risks are
acceptable and what are not. Different categories of users will have
different views.

In a complex water resources project with three or more dams; with
interlinked river systems; with several user groups (eg. urban,
industrial, irrigation, electricity generation, etc) each with its own
priorities and acceptable risk levels, the number of assumptions that
can be made relating to the imposition or lifting of restrictions is
very large. In this situation either the persons undertaking the analyses
have to reduce the number of options using their own judgment, or the
decision makers have to specify their requirements without exploring the
effect of alternative options.

Now that fast micro-computers are becoming available which can produce
high resolution colour graphic displays, these can be used to advantage
in this situation. The decision makers can then sit in front of a
colour monitor and with the help of the program developer explore
alternative options at the rate of one every few minutes. During the
course of a morning a hundred or more simulations can be undertaken and
the results of a few selected simulations tabulated for closer study if
required.



I have developed computer programs for both tabulated results as well
as visual colour displays. These were developed on a BBC micro-
computer which was specifically designed for educational and scientific
analyses using high resolution colour graphics, as opposed to more
common business orientated micro's such as the Apple and the IBM.PC of
which have relatively poor graphics and a less sophisticated and slower
BASIC language. The large main frame computers are not suitable for
this purpose. In the report that follows I have detailed all the
assumptions used in the simulation programs. These can be modified
without difficulty if necessary. The programs allow the user to
specify a wide range of alternative combinations which he enters at the
keyboard. The computation and printing of the results takes 55 seconds
for each simulation ~ The visual presentation is even shorter.

1.1 We have good records of the'flows into Midmar Darn since October
1963 but no long, reliable records in the Mgeni River prior to
that date. For various reasons early records at the flow gauging
stations in the Mgeni River are unsatisfactory. In this report,
flows in the system prior to October 1963 as well as the relative
percentages of the annual flows into the three darns were based on
the reconstructed records in the University of the Witwatersrand
Hydrological Research Unit Report No 9/81 "Surface Water Resources
of South Africa" Volume VI Part 2 by Pitman, Middleton and Midgley.
This report is referred to as "HRU 9/81" below.

The complete analysis of the water resources of the Mgeni River
system prepared by F. Cornelius of the Division of Hydrology of
this Department in January, 1983 is the source of most of the
other information. This is referred to as "Hydro Jan 83" below.

During 1983 Messrs Murray, Biesenbach and Badenhorst were
commissioned by the Department to undertake a survey of irrigated
areas in the Mgeni River system upstream of Nagle Dam,and the Mooi
River system upstream of the Tugela River confluence. Their
reports on these two areas are dated August, 1983 and referred to
as "MB&B Aug 83" ,below.

D W van der Zel of the Directorate of Forestry published a paper
in "Water SA" in July 1975 in which he gave details of land use in
the Mgeni catchment. He has also supplied the latest figures of
the permit allocations for afforestation in the catchment. This
information is not readily available and is summarised in Table 1
below.



TABLE I Land use ~n the Mgeni River catchment (from van der Zel).

Land use Midmar Albert Falls Downstream of
Albert Falls

km2 % km2 % km2 %

Natural veld 594 64 375 52 387 50
,--

Cultivated land 129 14 79 II 476 17
Forestry (permits) 102 11 189 26 290 10
Forest, indigenous 36 4 22 3 31
Irrigated II 25 4 26
Urban and other 56 6 26 4 585 21

Total 928 100 716 100 2 786 100

(Most of the indigenous and planted forest downstream of Albert Falls
lies within the Nagle Dam catchment).
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catchment U236 is included in tertiary
catchment U23B which consists of the rest of the
Mgeni catchment down to its mouth.

2. The dam catchments consist of the following
quaternary catchments Catchment boundaries

Upper Mooi and upper Mgeni Rivers.Midmar U231 + U232 + 28" U234
Albert Fa 11s U233 + 52 U234
Nagle ll235 + 20. U234 + SO:.: U236
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(iv) Midmar's net annual flow record was then calculated to
be 52,3% of the virgin annual flows of U23A, minus 15.106m3

per annum which is the reduction in virgin MAR at Midmar
due to afforestation, i.e. the reduction in runoff was
assu.med to be a constant annual figure and not a percentage
of the annual inflow.

(v) The net annual inflows into the other two dams i.e.
including an allowance for the effect of afforestation on
their own catchments, were found to be 68,5% (Albert Falls)
and 56,5% (Nagle) of the Midmar net annual flows as
calculated in (iv) above.

For the period subsequent to October 1963 the recorded inflows into
Midmar were assumed to be net inflows allowing for afforestation,
and the inflows into the other two dams were calculated using the
same percentages as above i:e. 68,5% for Albert Falls and 56,5%
for Nagle.

An important point to note is that the U23A record and the recorded
inflows into Midmar are not adjusted to allow for the effect of
other land use practices in the catchment including irrigation
abstractions. As will be seen later, irrigation abstractions are
indirectly deducted from the annual flows i.e. they are accounted
for twice. This may seem to be over-conservative, but forms of
land use other than irrigation abstractions and afforestation such
as farm dams, cultivation, pasture improvement, etc will also tend
to reduce the runoff. We have no means at present for making
allowance for these practices, and the assumptions made above are
as near as we can get to realistic figures at this stage.

Table 3 shows-the annual flow sequence for Midmar Dam derived as
detailed above. These flows have also been ranked from lowest
to highest in order to facilitate later analyses.

As the analysis is primarily concerned with drought inflows, the
proportion of the annual flow occurring in each month of the year
for each dam was assumed to be the same as the average proportion
of all annual flows less than the median flow of record U23A.
These ratios are given in paragraph 2.5 below.



Virgin MAR Percent of Reduction Net MAR Percent of
Dam based on U23A 350. 106m3 due to based on Midmar

(=350. 106m3) afforestation U23A (= 168.106m3)

Midmar 183. 106m3 52,3 % 15.106m3 168. 106m3 100,0 %

Albert Falls 142 40,6 27 115 68,5

Nagle 120 34,3 25 95 56,5
-- - --

Total 445. 106m3 127,2 % 67.106m3 378.106m3 225,0 %

(a) For the period October 1921 to September 1963 (42 years)

Midmar (net) = (52,3% of U23A virgin record) - 15.106m3 pa.

Albert Falls (net) = 68,5% of Midmar

Nagle (net) = 56,5% of Midmar

(b) For the period October 1963 to date (20 years)

Midmar (net) = Midmar record

Albert Falls (net) = 68,5% of Midmar record

Nagle (net) 56,5% of Midmar record



Annual net inflow record for Midmar Dam for the 62
hydrological years starting October 1921 and ending
September 1983. Flows up to September 1963 were
derived from HRU 9/81 and subsequent flows from the
recorded inflows. -These flows must be multiplied by a
factor of 2,25 to obtain the equivalent inflow for the whole
system.

<-. MIDMAR DAM

Flow record Ranked flow record

Year Inflow (106m3) Rank Inflow (106m3) Year

21/22 130 1 34 ~ 82/83
22/23 194 2 37 79/80
23/24 93 3 62 25/26
24/25 525 4 71 32/33
25/26 62 5 79 45/46
26/27 141 6 87 68/69
27/28 105 7 87 81/82
28/29 119 8 91 50/51
29/30 169 9 91 30/31
30/31 91 10 93 23/24

31/32 96 11 95 59/60
32/33 71 12 96 31/32
33/34 190 13 97 80/81

-
34/35 195 14 97 48/49
35/36 102 15 101 55/56
36/37 13.0 16 101 61/62
37/..,38• 135 17 102 35/36
38/39 261 18 103 51/52
39/40 205 19 105 27/28
40/41 168 20 112 65/66

41/42 185 21 117 52/53
42/43 400 22 119 28/29
43/44 263 23 121 67/68
44/45

-
139 24 122 70/71

45/46 79 25 124 53/54

..... /



46/47 224 26 126 49/50
47/48 237 27 130 21/22
48/48 97 28 130 36/37

-

49/50 126 29 133 76/77
50/51 91 30 135 63/64

< ••

51/52 103 31 135 37/38
52/53 117 32 139 44/45
53/54 124 33 141 26/27

.54/55 170 34 154 69/70
55/56 101 35 163 72/73
56/57 301 36 168 40/41
57/58 188 37 169 29/30
58/59 195 38 170 54/55
59/QO 95 39 175 77/78
60/61 257 40 185 41/42

61/62 101 41 186 62/63'
62/63 186 42 188 57/58
63/64 135 43 189 64/65
64/65 189 44 190 33/34
65/66 112 45 194 22/23
66/67 209 46 195 58/59
67/68 .- 121 47 195 78/79
68/69 87 48 195 34/35
69/70 154 49 203 71/72
70/71 122 50 205 74/75

•

71/72 203 51 205 39/40
72/73 163 52 209 66/67
73/74 402 53 224 46/47
74/75 205 54 237 47/48
75/76 420 55 257 60/61
76/77 133 56 261 38/39
77/78 175 57 263 43/44
78/79 195 58 301 56/57
79/80 37 59 400 42/43
80/81 97 60 402 73/74

.. T /



81/82 87 61 420 75/76
82/83 34 62 525 24/25

Mean (logar ithmic)
Mean (logs) 2,1604

0,2256
O,IOlO

Standard deviation (logs) =
Skewness coefficient (logsF
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The emergency Mooi-Mgeni augmentation scheme has a design pumping
capacity of three cubic metres per second which will deliver a
theoretical 7,8.106m3 per month. Allowance must be made for the
limited storage capacity of the diversion weir, pump down-time etc.
In this report a transfer rate of 7,0.106m3 per month was assumed.

The flow in the Mooi River available for pumping will depend on
the severity of the drought. The reconstructed record for the
Mgeni River is 62 years long. For the purposes of this report
drought severity was defined as follows .-

annual flows equal to or less than the third
lowest flow on record,

annual flows greater than the above but equal
to or less than the tenth lowest flow on record,

annual flows greater than the above but less
than the median flow (i.e. flow ranked 31st)

The monthly flows in the Mooi River were examined and it was found
reasonable to assume that pumping can take place during the following
months for droughts of the above severity :-

January to April (4 months)
November to April (6 months)
October to May (8 months)

The volumes delivered during the above periods will be 30, 45, and
60 million cubic metres per annum respectively. The flow into
Midmar Dam was increased by 7,0. 106m3 during the months when pumping
could take place. In practice the full monthly volumes will not
be achieved throughout the above periods, but this will be compensated
by limited pumping during the remaining months.

No flow record is available at the point of abstraction. The
drought severity criteria and months during which pumping can take
place were assumed to be the same as those assumed for the Mooi
River. The delivery rate was assumed to be 5,0 million cubic metres
per month, and the monthly demand from Nagle Dam was reduced by this
amount during the months when pumping could take place.



The Hydro Jan 83 report gives a range of figures of monthly
potential net evaporation depths from the dams in the system.
These vary from dam to dam and are related to the rainfall which
in turn is related to drought severity.

For the purposes of the present analysis the figures in that report
for Albert Falls Dam were assumed to be sufficiently representative
of those for the whole system. Although Cornelius stated in the
report that his figures are probably on the high side, the total
evaporation losses from the Mgeni River dams are relatively small
and further refinement is not justified.

The monthly potential net evaporation depths used in the present
analysis are shown in paragraph 2.5 below.

(Note that the MB&B report gives the annual average A-pan evaporation
in the area as 607 rom compared with the drought Symons pan evaporation
corrected for evaporation from dam water surfaces of 853 rom suggested
by Cornelius and used in this report).

The MB&B Aug 83 report was used as the source of information on
irrigation requirements rather than permit allocations. This is
because it covers all irrigation including abstractions from the
headwater streams.

Unfortunately the MB&B Aug 83 report is based on HRU quaternary
catchments and not dam catchments. Although for each HRU catchment
the irrigated area is broken down into two components i.e. main river
and tributaries these cannot be related to the dams. Ideally we
require the information as follows :-

All upstream irrigation usage. This will
be subtracted from monthly inflow.

(b) Main channel abstractions between Midmar
and Albert Falls. These will be considered
as a demand from the dam.

Upstream tributary irrigation to be
subtracted from inflow.

(b) Main channel abstractions between Albert
Falls and Nagle to be considered as a
demand from the dam.

As for Albert Falls but the MB&B report
has no details of usage downstream of
Nagle. This is important as it also
affects abstractions at Clermont.
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As the above breakdown is not possible, all irrigation abstractions
upstream of the dams were considered as demands from the dams.
This is the same as subtracting them from the inflows except that
no allowance is made for situations where monthly upstream
irrigation abstractions exceed monthly inflows. The former
alternative was used as it makes the calculation of the effect of
the imposition of restrictions more realistic.

MB&B will be requested to provide information on a dam catchment
basis. For the purposes of this report is was assumed that main
stream and tributary abstractions are uniformly distributed within
each HRU subcatchment and that these are then allocated to each
dam in the same proportions as the areas of the subcatchments.

The total irrigation requirement for the Mgeni system upstream of
Nagle Dam given in the MB&B report based on an annual rainfall
equivalent to 60% of the annual average rainfall is 60. 106m3 without
restrictions.

This was distributed among the dam catchments in the following
proportion .

Nagle 18,18/60 0,303
Albert Falls 13,57/60 = 0,226
Midmanr 28,25/60 = 0,471
Total 60,00/60 = 1,000

This was derived from the monthly proportions for all abstractions
as shown on Table 9 of the MB&B Aug 83 report, and is shown in
paragraph 2.5 below.

These figures were obtained from the Hydro Jan 83 report and have
been confirmed by the Chief Engineer of the Umgeni Water Board.

The estimated total 1982-83 demand from the whole Mgeni system was
30S,2.106m3 of which 16,8.106m3 was supplied directly from Henley
Dam. This is the maximum capacity of the pipeline from the dam.
The balance of the requirement was assumed to be supplied from
Midmar. The case when Henley is unable to supply 1,4.106m3 per
month was not included in the simulation, but the effect of this on
the yield of the whole system is minimal from a simulation point of
view. It would not be difficult to refine the model to meet this
condi tion. ,

The total urban and industrial demand (1982-83 estimates without
restrictions) for the three dams being simulated was therefore
288,4.106m3 per annum which was distributed among the three dams as
follows :-



Nagle 18,18/60 0,303

Albert Falls 13,57/60 0,226

Midmar 28,25/60 0,471

Total 60,00/60 == 1,000

.12 Monthly distribution of irrigation abstractions

This was derived from the monthly proportions for all abstractions
as shown on Table 9 of the MB&B Aug '83 report, and is shown in
paragraph 2.5 below.

These figures were obtained. from the Hydro Jan '83 report and
have been confirmed by the Chief Engineer of the Umgeni Water Board.

The total 1982-83 demand from the whole Mgeni system is 305,2 106m3

of which 16,8 106m3 is supplied directly from Henley Dam. This
is the maximum capacity of the pipeline from the dam. The balance
of the requirements was assumed to be supplied from Midmar.
The case when Henley is unable to supply 1,4 106m3 per month was
not included in the simulation, but the effect of this on the
yield of the whole system is minimal from a simulation point of
view. It would not be difficult to refine the model to meet
this condition.

The total urban and industrial demand (1982-83 estimates without
restrictions) for the three dams being simulated was therefore
288,4 106m3 per annum which was distributed among the three dams
as follows .-

The proportions used in the Hydro Jan '83 report were accepted
for this analysis and are shown in paragraph 2.5 below.

A constant discharge of 3,72 106m3 per month from Midmar Dam ~s
required for hydro power generation at the rubber factory at
Howick. This places a severe load on Midmar and results in Midmar
running dry before the rest of the system. For simulation purposes
it was assumed that no additional discharge would take place for
hydro power generation.





2. I Full supply and reserve capacities

FSC Reserve

Nagle 23 106m3 10 106m3

A:lbert Falls 293 " 12 "
Midmar 178 " 27 "

The reserve capacity at Nagle ~s the minimum operating level of
the dam.

For the purpose of this analysis the total reserve capacity of
the three dams together was assumed to be 10% of the combined full
supply capacities. If the total stored volume drops below reserve
storage, restrictions greater than 50% will have to be imposed.

The water surface area for g~ven volumes in storage is g~ven by the
equation '-

Stored volume (106m3) Equation parameters
From To Constant Power

0 I ,09 43,000 0,2157
I,09 30 42,234 0,4223

0 1,03 112,57 0,3571
I ,03 13,42 111,25 0,7143

13,42 350 248,95 0,4040

0 55,37 235,97 0,3588
55,37 200 190,3 0,4124



Irrigation (upstream abstractions)
Urban and industrial (downstream demand)
Potential net evaporation from dam surface

60. 106m3

288.106m3

853 rom

Nagle
Albert Falls
Midmar

0,251
0,304
0,445

0,1 12

0,142
0,144
0,120
0,088
0,063
0,048
0,042
0,043
0,049
0,064
0,085

0,090
0,056
0,060
0,078
0,078
0,061
0,068
0,088
0,113
0, 134
0,091
0,083

Feb
Mar
Apr
May

Jun

Jul
Aug
Sep

Oct
Nov

0,303
0,226
0,471

Urban +
Ind.
0,093
0,084
0,087
0,084
0,084
0,078
0,084
0,081
0,079
0,082
0,081
0,083

1,00
1,00

1,00

48 rom

46
73
81

74

60

62
82

89
97

73
68



2. Annual demands from the system for urban plus industrial use,
and for irrigation separately.

(a) One year for a specified system flow.
(b) The complete historical record (62 years)
(c) The last eight years of the historical record.
(d) The last four years of the historical record. This is the

most severe drought during the 62 years of record.

I. For the given storage at the start of the month calculate the
water surface area.

2. Multiply this by the monthly potential evaporation to obtain
the evaporation loss.

3. Subtract the evaporation loss from the storage and add the
inflow for the month.

4. Test to ascertain whether or not the full demand can be met
without encroaching on reserve capacity, and if so, whether
9r not the dam spills.

5. Determine the actual demand supplied, shortfall (if any),
spill (if any), and volume in storage at the end of the month.

I. Add the shortfall in th~ downstream dam to the required draft
of the next upstream dam.



1. If an,upstream dam spills, add spillage to next downstream
dam.

2. Adjust the storage and spillage (if any) of the next
downs tream dam.

The system shortfalls are those which the most upstream dam cannot
supply.



The comment and analyses below provided the basis for the decision
to relax the restrictions from 50% to 30% as announced on 20th
January, 1984.

The demand from the system, which in turn depends on the level
of restrictions.

The table below shows the expected volumes in storage on 31st March
next year for selected inflows and four levels of restrictions.

The system inflow of 80.106m3 is based on the actual Sep'82
flow into Midmar Dam, which was the lowest flow on record.
a very severe assumption.

- Oct'83
This is

The system inflow of 140.106m3 ~s equivalent to the third lowest on record.
There is less than a 5% chance of the actual inflow being equal to or less
than this volume.

The system inflow of 210. 106m3 is the tenth lowest on record and there is
about a 16% chance of the actual inflow being less than this. The figure
of 300.106m3 represents the 50% risk of not being exceeded.

If the storage level drops below 10% of the total storage capacity of the
system, restrictions exceeding 50% will have to be applied. Although this
is always a possibility it has been assumed to be unacceptable as a
deliberate option.

The total storage required before restrictions can be reduced to 30% will
depend on the risk that the decision makers are prepared to take. A
total volume of 300.106m3 (61% of the combined capacity of the three dams)
would be a very cautious requirement. A volume of 200.106m3 (40% of the
combined capacity) would be conservative, and most would consider 100.106m3

to be risky.

The total stored capacity on 10th January was 133.106m3 and unless there
is a sudden change for the worse, the total should exceed 180.106~before
1st April which is the starting date for the analyses.

Note that the figures of 80, 140, 210 and 300 in the headings are the total
natural inflows into the three dams. In the calculations an additional
allowance has been made for transfers into Midmar Dam from the Mooi River
as well as abstractions from the lower Mgeni River at Clermont.



Total storage capacity 494 106m3

Urban and Industrial 288 106m3 pa.

Initial Assumed total inflows into the three dams, and restriction levels
storage 80.106m3 (lowest) 140.106m3 (third lowest) 210 .106m3 (tenth lowest) 300.106m3 (median)
on
1/4/84 0% 10% 30% 50% 0% 10% 30% 50% 0% 10% 30% 50% 0% 10% 30% 50%

100 .>< X x. X X K >( X X X J2S J92, /35 168 236 297

150 X X X gg .>< .>< >( JIi/, )( /0"1 17/ 232 182 2/5 283 344

200 >< )( 68 13tr X ~ 12h Jt:j3 /J7 IS/ 2/8 286 227 262 3..30 392
250 bO 94 16/ 22lf J /1 )52. 220 288 2/) 2.45 3).3 38/ 323 3b"'7

300 IS,,! IBB 25"6 325 2/3 2lt7 3/5 38It 3a6 340

TABLE 4 t The est~mated total storage in the three dams of the system on 31st March 1985 for various combinations
of initial storage, system inflows, and percentage restrictions. All figures in millions of cubic metres.
(Crosses indicate that the system was unable to meet the demand without encroaching on the reserve storage)

W.J.R. Alexander
Pretoria, 10 Janl84



On 19th January, additional calculations were requested. These were
based on a lower estimate of the unrestricted urban and industrial
requirements (240.106m3 instead of 288.106m3

). In anticipation
of a reduction'in the restrictions from 50% to 30%, analyses were
made showing the anticipated total storage in the three dams for the
reduced urban and industrial demand of 240.106m3

, and for the same
inflow criteria used in Table 4 above,for the 12 month period
starti~g 1st February 1984 :-

Table 5 is the print-put for the most severe case, and Figure 3 shows
the plotted results. The diagram on which the data are plotted is
described in Part 2 below. The plots indicate that even under the
most severe assumption the total storage in the.system will not drop
to a level which would necessitate the imposition of restrictions
exceeding 50% within the next 12 months. At the other extreme, the
optimistic view is that there is a 50% chance that restrictions could
be lifted completely before the end of April.
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Sample analysis for a 12
month inflow equal to the
lowest on record.

Initial S">toFaqf::'in dams:
Nagle (fs~=23 reserve=lO)?20
Albert Falls (fsc=293. reserve=12)?50

-Midm~::Ir (fsc:::178 r-eser'·ve===27).r':>80
Total system storage=150

T tal annual de~ands for system:
Urban and i ndustr' i al demand --::'240
JJpst.re.:.~mi rr i gat i on abstlr-act ions ')60

Percent.age re!:;tt-ictions
Urban and industrial
Irrigation

'?30
'?~()

system demand~;iO ~

E lecify flow sf0ql...l.encet.o be simulated
- 1 One:yeE~r to be spec if i ed

2 Historical flow sequence
3 lNast eight years of record

- 4 Last. fou.r years of record ?1
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Figure 4 shows the recommended restriction criteria for the Mgeni River
system. It was derived as follows :-

I. The 1st April was chosen as a target decision date as it is almost
at the end of the season inflows and the position is unlikely to
i~prove for at least the next six months. Decisions to change
restrictions either up or down can be taken at any time of the year,
however.

2. The lowest line was derived by assuming 80.106m3 in storage by 1st
April; a once in 200-year, 12 month inflow starting 1st April; and
50% restrictions. This provides a reserve capacity below which a
crisis situation will develop and restrictions exceeding 50% will
have to be applied.

3. The upper boundary for 50% restrictions was obtained by determining
what the storage would have to be on 1st April in order to reach
80.106m3 on the following 1st April, assuming a once in 50-year
drought inflow on 50% restrictions. This was found to be 140.106m3

•

4. The other boundaries were determined in the same way assuming the
combinations of drought severity and restriction levels shown on the
figure.

The next step was to test the validity of these assumptions. Linear
approximations were substituted for the "wavy" lines (see Figure 5) and
a simple algorithm developed for determining in which restriction zone
the start of month storage lay, and applying that restriction.

The last 60 years of record were then simulated assuming constant
annual demands of 288.106m3 (urban and industrial) plus 60.I06m3

(irrigation). Restrictions were applied to these demands depending on
the above criteria.

Table 6 is the first p~ge of the long print-out. The whole print-out
can be used for close analysis but the three graphical displays are more
informative. These are shown in Figures 6A,7A,&3A. The same assumptions
were made. The figures show the changes in volumes stored in the three
dams. Restriction levels are shown at the base of the diagram (0%,
10%, 30%, and 50%). Shortages refer to shortfalls when the system drops
to below the reserve level.

Note how Midmar shows much smaller fluctuations in stored volumes than
Albert Falls, and that Nagle is on reserve storage for most of the time
because of the direct abstractions from it which are made up by releases
from Albert Falls.



Under this set of operating rules, the number of months when the various
restrictions would have been in force, and the yields of the system for
the three 20-ye~r periods were as follows .-

1943-62 1963-82 Total

208 mths 196 mths 602 mths
32 24 94

14 18
6 6

o %
10 %
30 %
50 %
+ 50 %

83,6
13,1
2,5
0,8
o

1923-42 97,9 %
1943-62 98,7 %
1963-82 96,0 %
Whole period 97,5 %

At no time did the total storage drop below the reserve storage. Only
on two occasions would it have been necessary to release water from
Midmar to make up shortfalls in Albert Falls (one month in 1933, and
several months in 1983).

The computer program allows other assumptions to be made. For example
if the 10% restriction level is omitted and all other conditions remain
the same, the above table becomes .-

o %
30 %
50 %
+ 50 %

215
19

6

684
30

6

229
11

95,0
4,2
0,8
0,0

The results are shown graphically in Figures 6B, 7B and 8B where they
can be compared directly with the situation which includes the 10%
restriction level



The total system yields expressed as percentage of the total requirements
become :-

1923 to 1942 98,6 %
-

1942 to 1963 100,0 %
1963 to 1982 96,4 %
Whole 60 year period 98,3 %

This is an appreciable improvement ~n the percentage time during which
restrictions are operative (5,0% of the time compared with 16,4% of the
time if a 10% restriction level is included). There is also an increase

-in the total yield of the system - 98,3% of the demand compared with
97,5%. However, the trade-off is that there is a longer length of time
under severe restrictions (equal to or exceeding 30%). This increases
from 3,3% to 5,0% of the months.

The examples above demonstrate the flexibility of the programs, and the
ease with which various assumptions can be tested and compared with one
another.
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qle initial storage
'bert Falls initial storage
rlmar initial storage
ban anrl industrial demand

lstream irrigation ~bstractions
,ree urban restrictionlevels
artg lowest excl zero

Jrresponding irrig restrictions
Imber of years to be simulated
..ar·tinq month" (,Jan:::::1,ctc)
!ectfy reqd presentation:
,ables:::::1display:::::2colours=3
reen dump reqd ? yes=1 no=O

TABLE 6: First page of the
print-out of a typical simulation.

::=::1 ::,0
::;::~'8f.3

eni flow .- 209 .....,~ 10. 420. 10. O. 3211
-;r r-', O. () . O.

~ ..J •
·":'L.

'?"" 11,• 395. 13" 7. 29. 29. O. O. O.
~_'\ .
....- 12 • 389. 18. 7. 29. 29. O. O. O.
,,::,.~,.
24. 1 387. .... ..,. 7. ..,. .... ~'? O. O. O.. £..0. o_'£" •• "_'oil.- ••

24. 2. 388. 30. 7. 28. 28. O. O. O.
24. -:r 401. 30. 7. 29. 29. O. O. o.

0_' ••

24. 4. 411- '?c" 7. 29. 29. O. O. O.
",-,-J.

24. 5. 416. 18. O. 29. 29. O. O. O.
24. 6. 4C)3. 13. O. 26. 26. O. O. O.
24. 7. 388. 10. O. 28. 28. O. O. O.
24. 0 367. 9. O. 29. 29. O. O. o.

w.
24. 9. 344. 9. O. 30. 30. O. O. o.

geni flow ::::: 1181.
24. 10. 320. 58. 7. 32. ~ ....• O. o. O..~..::..
24. 11- 355. 76. 7. 29. -29. O. O. O.

24. 12. 411- 100. 7. 29. 29. O. 5. O.
25. 1- 487. 132. 7. ..,. ....• .....'? O. 103. O....:,,4. •. ._.IL ••
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L.. __J .• •
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..:"•.Wa
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..:...,J ••

25. 6. 494. 74. O. 26. 26. O. 46. O.

25. 7. 494. 57. O. 28. 28. O. 26. O.
,?e::- 8 . 494. 50. O. 29. 29. O. 18. O.
.:....J.
'?C" 9. 494. 51 O. 30 . 3C> .. O. 17. O.
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The traditional Rippl diagram has been used as the basis for determining
the storage/yield relationships when planning new water supply systems
in most parts of the western world. ·Many alternatives to this simple
approach have been proposed over the years but none have been widely
accepted. One of the reasons has been the reluctance of decision
makers to put their trust in statistical methods and synthetic flow
records despite the knowledge that the historical flow sequences will
never be repeated during the life of the project.

Applying the Rippl method to the Mgeni system, the reasoning would be
as follows :-

Assuming that the three dams were built in 1921 (the start of the historica:
record) what would be the maximum constant annual volume that could be
withdrawn from the system without any shortages developing?

This analysis depends solely on the characteristics of the worst single
historical drought sequence. An analysis prior to the present drought
would have shown that the dams would have been just empty in October 1933
and started to increase in storage during the following month. This
would have determined the "assured" yield. However the present drought
is more severe than that of the 1930's. The "assured" yield is a lot
less, and for the reduced yield the dams would be just empty at the end
of October 1983. While this method provided consistent results prior
to the present drought, the "assured" yields of most of the dams in the
summer rainfall region of South Africa are different today from what they
were two years ago.

No responsible authority would operate major dams on the basis of the
"assured" yields i.e. allowing them to empty completely in the faith that
they would not remain empty for more than a moment of time. In the
Department we used the "critical drought sequence" method for determining
restriction criteria. This method was applied successfully in the Vaal
River system for the simple reason that the droughts that followed were
never as severe as those assumed in the analyses. The method proved to
be completely inadequate for the present drought in all the major systems
where the drought was very much more severe than the worst historical
drought, and far more severe than that could have been reasonably
expected. The fact that we survived the drought without crisis situations
developing is a tribute to those who abandoned old methods and applied
sound common sense to the prob~em aided by little more than "back-of-
the-envelope" calculations.

The one point that this drought must have driven home is that no water
supply system can be designed on "a "no risk" basis. There must always
be a risk, however small, of the system not being able to meet the full
demand from it. If this is accepted, then the next question logically
follows :-



"What is an acceptable risk of not being able to meet the full
requirements ?"

An answer to this 'question can only be obtained by close consultation
with the user groups who are likely to be even more sceptical of
statistical methods than their professional advisers. In this
situation, simulations based on the historical record, particularly one
that cont~ins an extreme drought, are probably the best route to follow.

It is my belief that the method proposed and illustrated in this report
will provide a more realistic basis for the future planning and operation
of water resource systems both from an analytical point of view as well
as that of user groups involved in the decision making process.


