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h) AIHRIG i Figs. 4.59 and 4.60 show that an increase in irrigated 
area is primarily responsible for reduced base flows, and base 
loads, with resultant decrease in the corresponding means, and a 
small rise in the standard deviations. The mean salt concentrations 
will inevitably rise but the effect upon the standard deviation 
depends upon the input pollutograph, although an increase is the 
most common result as base flow salt concentrations are usually 
higher than those during floods.
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1) RETURN t Varying the proportion of irrigation demand returned 
to the stream between 0,1 and 0,3 produced little change in modelled 
daily discharges and salinities. The sensitivity of modelled values 
to changes in RETURN were therefore not plotted. An increase in 
RETURN is accompanied by a small increase in the mean discharge and 
a small decrease in the standard deviations of modelled daily dis­
charges and salt loads. The mean salt load is unaffected and base 
flow salt concentrations decline slightly.



j) FIX % Figs. 4.61 and 4.62 show that an increase in FIX# the 
proportion, of the irrigated salt load retained on irrigated lands# 
causes a decline in mean salt loads and concentrations due to re­
duced base loads. The increase in the standard deviation of daily 
salt loads is too small to be detected in Fig. 4.62 because of the 
very small changes in base flow salt loads. The standard deviation 
of modelled daily salt concentrations increases as FIX increases 
because in the example used the base flow salt concentrations are 
generally higher than those during most floods.

k) FIRRIG i Figs. 4.63 and 4.64 show that an increase in FIRRIG 
causes a reduction in base flows and consequently reduces the mean 
discharge and mean salt load. Base flow salt concentrations also 
increase with a consequent rise in the corresponding mean and 
standard deviation. The increases in the standard deviations of 
modelled daily discharges and salt loads are small.
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5.1

CHAPTER 5 MODEL CALIBRATION
This chapter comprises a guide to calibration of model parameters 
used in programs NACL01 and NACL02. Section 5.1 provides guidance 
as to initial selection of each parameter while section 5.2 dis­
cusses how each should be adjusted in subsequent calibration runs. 
Section 5.3 contains worked examples based on the Natalspruit and 
Rietspruit catchments (subcatchment 1 and 9).

5.1 Initial parameter selection
5.1.1 Program NACL01
Guidelines for the selection of initial calibration parameters are 
discussed in sub-sections a) to x). Parameters AREA, AI are not 
included in the discussion as these are physical properties which
can be measured directly from maps.

a) pow; Pitman (1976) found that for most applications the values 
as determined for his monthly model (Pitman 1973) are also the 
optimum values tor the daily model. For a wide range of South 
African catchments Pitman (1973) obtained values in the range 1 to 
3. A value of 1 is applicable to dolomitic catchments exhibiting 
strong base flows. For most other catchments a value of 3 pro­
duced the best results. Fig. 5.1 shows Pitman's regionalisation 
of this parameter for the Republic of South Africa. Dolomitic 
areas are shown in Fig. 5.2. In the arid "B" sone of Fig. 5.1 
the parameter POW has little significance because of the small 
bsse flows involved* The early cessation of base flow can best 
be modelled by adopting a small FT value and a high SL value. A 
value of 3 is therefore also adequate for the "B" zone.

For regions other than that shown in Fig. 5.1 an initial value of
3 is recommended, unless base flows are known to be exceptionally
strong, in which case a smaller value would be appropriate.
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b) SL* As stated in section 4.1.1(b), it is possible to duplicate 
closely the effect of parameter SL on modelled discharge by adjust­
ing POW and FT, and for this reason Pitman (1976) advocates setting 
SL equal to zero in all cases. It is recommended that this pro­
cedure should be followed for the initial selection of SL. Water 
quality considerations might, however, necessitate a later revision 
of the initial estimate.

c) SBi In the Pitman model evaporation is assumed to cease when 
the soil moisture storage is at or near zero. Furthermore, with 
POW equal to 3, percolation losses have very little influence upon 
the soil moisture storage when the storage is less than SB (the 
storage at which evaporation is assumed to cease). The storage 
below SB can therefore be assumed to be little more than dead 
storage in so far as streamflow modelling is concerned and the 
soil moisture storage between SB and ST can be considered roughly 
equivalent to the total storage (ST) of the Pitman model.

Sufficient attenuation of soil moisture salt concentrations was 
obtained for the sub-catchments of the southern PWV region (see 
Table 3.1) when the total soil moisture storage was set equal to 
400mm and this value is therefore recommended as an initial value 
of ST. The initial value of SB can then be estimated by sub­
tracting, from 400, Pitman’s recommended ST value#(Pitman (1973) has 
produced regionalised values of ST for the Republic of South Africa).

Pitman’s ST values have been adjusted in this manner to yield 
recommanded starting values of SB (see Fig. 5.2).

SB will subsequently have to be adjusted in order to improve the 
modelled mean and standard deviation of modelled daily discharges.

d) STi As discussed in (c) above a value of 400mm should serve 
as a reasonable starting value. For very flat catchments, such as 
the Taaibosspruit catchment (subcatchment 10), it may prove necess­
ary to reduce ST, although an increase in SB and SL should have
the same effect. After the streamflow parameters have been success­
fully calibrated it may be found that base flow salt concentrations 
drop too low immediately after floods, in which case ST, SB and SL 
will have to be increased in order to dampen the model response.
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by examination of available hydrographs. If the base flows appear 
to persist with little decline during the dry season, then a value 
approaching 20 should be used. If base flows decline rapidly, then 
a value nearer 1 would be more appropriate.

1) QOBSt This is not a calibration par meter, but rather an 
initial value. The observed base flow at the start of the simula­
tion is usually difficult to measure because in most situations 
where water qualities are of concern effluent discharges are also 
involved. These point flows tend to mask the natural base flow.
The requirement of a very long running-in period to warm up the 
water quality component of the model, however, makes the initial 
choice of QOBS irrelevant.

m) DOL* unless there is positive evidence of a substantial loss 
to deep groundwater (for example due to mine dewatering) DGL should 
be set to sero. A value of zero was found to be the most appropriate 
even in the case of the southern Witwatersrand (subcatchments 1,2,
3, 4a and 4b), where underlying do1cm!tic compartments have been 
dewatered to great depths by gold mining activities.

n) APARRt Values of APARR in the range -0,0007 to -0,001 were 
found to produce reasonable results for most of the catchments 
modelled in the southern PWV region. A starting value within this 
range is therefore recommended.

o) 1E&BS1 In cases where details of industrial water supply are 
readily available equation 3.4 can be used to estimate the Initial 
total salt recharge rate per unit area. The salt recharge rate 
per unit of pervious area can then be approximated as followsi

BPARR * BP ART. 10™^ - AI.1,00 (t/km*/d)   (5.1)

where BPART - total salt generation rate per unit area as
computed using equation 3.4. (kg/kr2/d)

Equation 5.1 is based upon the assumption that the salt recharge 
rate for impervious catchment surfaces is equal to 1,00 t/km /d 
(the value most commonly encountered for catchments of the southern
PWV region).



If details of industrial water supply are not readily available, 
Br&m can be estimated using the relationehlp between impervloue 
rea and r-lt generation rate (see Table 3.8 of section 3.3). The 
:ln.,r regression equation for catchments of the southern PWV region
is given by*

BPART » 1,92.AI + 0,046 (t/km2/d)   (5,2>

with a linear correlation coefficient of 0,726 for the catchments 
studied in section 3.3.

D) APARUt Experience gained from the modelling of southern PWV 
catchments suggests that reasonable values of APARU range between 
.0,001 and -0,015. A starting value of -0,01 is recommended.

q ) BPARUi From Table 3.4 it can be seen that the calibrated 
values vary between 0,4 and 1,2, with most values falling within 
the range 0,8 to 1,2. An initial value of 1,0 t/km'/d is therefore
recommended.

r) PDEPSi A starting value of 0,9 is recommended unless there 
is evidence of increasing base flow salt concentrations towards 
the end of the dry season, in which case lower values would be more
appropriate.

s) CONCBGi Rainfall salt concentrations can in fact be measured 
directly, but in many instances the data may not be available.
From various sources*, Betson (1978) compiled bulk precipitation 
and rainfall water quality data for four rural and three urban 
catchments. The total dissolved solids concentrations for the 
four rural catchments varied between 2,2 and 5,3 mg/i with a mean 
of 4,3, while the maximum concentration for the three urban catch­
ments was 17,8 mg/i. it should be noted, however, that most of

* Ths sources cited by Betson include studies of the following 
localities* St. Louis, Missourii Gottingen, Germany $ Gat1inburg, 
Tennesseei Oak Ridge, Tennesseei Blairoville, Georgia and Canton- 
Clyde, North Carolina.
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For iniand catchments concentration, of 4 and 10 mg/1 are recommended
as starting values of CONCBG for rural and developed catchments
respectively.

t) PINTMi The interflow through the .oil moi.tur. storage will 
depend upon catchment .lopes, lateral and vertical permeabllltl..

" : r r r
of 0.8. The average value (0,8) 1. therefore recommended a. a 
starting value.

U) APARG: A s most catchments are in a state of equilibrium it
follows that leaching rates will be very small. It is t* er^ 0’-e 
suggested that APARG be set equal to zero. Thl. value should be 
Increased only if there Is an unaccountable growth i" ba,e “ ”  
salt concentrations. Even then It 1. possible to achieve similar 
results by adjusting other water quality parameter, (such a. PDEPS
and PINTM).

v) SALTRt This is in fact an Initial value and not really a 
calibration parameter. The long-lasting Influence of the starting 
soli moisture salt storage, however, lend. Importance to careful 
selection of the Initial salt* value (if SALTR is much « o  large.r.: —
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where its influence will be felt for a much longer time (see Fig.
4,42) , thereby necessitating a longer running-in oeriod. It is 
important, therefore, to adjust SALTR in such a way that initial 
and final surface salt storages are mutually compatible.

If the value of APARR is in the range -0,0007 to -0,001 and the 
mean annual precipitation is in the range 600-800 mm (as is the 
case in the southern PWV region), then the initial value of SALTR 
should be between 600 and 1000 times greater than BPARR.

w) SALTU: The value of SALTU is not at all critical as the
impervious surface salt storage stabilises very rapidly (see Fig.
4.41) and SALTU has no influence on the soil moisture salt storage.
A value about 100 times that of BPARU is recommended.

x) CONCSt As can be seen from Fig. 4.41, an error in the esti­
mation of the initial soil moisture salt storage persists for a 
long time. This storage, however, can be estimated with reasonable 
accuracy only if both QOBS and CONCS, the starting base flow dis­
charge and salt concentration, are known. In practice, however, 
point discharges mask both QOBS and CONCS and render direct esti­
mation of the soil moisture salt storage virtually impossible.

No guide can be given as to the initial estimate of CONCS, other 
than to recommend a value of about 150 mg/t- for undeveloped catch­
ments, and higher values for urbanised catchments. Even this esti­
mate for rural catchments could be way off the mark as natural 
groundwater salt concentrations can vary widely. (For example,
Tordiffe (1973) encountered TDS concentrations as high as 12000 
mg/i in parts of the Fish river basin).

It is essential that CONCS be adjusted after every calibration run 
in order to balance initial and final soil moisture salt loads. A 
long running-in period (of the order of ten years) is also recommend­
ed in order to reduce errors Introduced by inaccuracies in the 
starting conditions.



5.1.2 Program NACL02
Guidelines for the selection of initial calibration parameter 
values are given in sub-sections a) to i). Table 5.1 has recommended 
values for the parameters controlling the computational accuracy. 
Parameters describing the physical characteristics of the channel 
which can be measured directly are not discussed. HSTART, CONSU 
and CONSL are also omitted from the discussion as these starting 
values can be measured directly and in any case have little in­
fluence on results because of the short memory of the channel 
routing model.

Table 5.1 t Recommended values for parameters controlling 
computational accuracy

Parameter NMAX NMIX NQMAX NSTEP ERROR

Value 1 0 2 1 0 3 0 , 0 0 1

a) RETURN: Of the water applied to irrigated lands, the proportion 
returned to the stream is extremely difficult to estimate because
of the relatively small quantities involved and the masking effect 
of base flows. Studies in the Coachella Valley, California, between 
1957 and 1965 indicated a 22 percent irrigation return flow (Bower 
et al., 1969). A value of 0,2 is therefore recommended.

b) FIX: The Coachella Valley study (Bower et al., 1969) also in­
dicated an increase in TDS from 800 to 2600 m g / I , suggesting that 
72 percent of the applied salt load was returned to stream (the 
equivalent value of FIX would be 0,28). Hall and GOrgens (1978) , 
however, point out that part of the salt load associated with return 
seepage can sometimes be attributable to the displacement of saline 
groundwater into the river channel. Such processes might well 
occur in the Coachella Valley. Furthermore, the salt load returned 
to the stream is almost certainly affected by other factors (such
as topography).

Unfortunately only extreme cases (such as that of the Coachella 
valley, where saline return flows are problematic) tend to be pub­
lished. It is therefore most difficult to arrive at reasonable 
average condition values for the parameter FIX.



in the case o£ the southern PWV region i r r i g a t i o n  losses are gene-

on water quality. The present study cannot therefore shed any

m o d e m n g l h e  southlrnlwt region it was assumed that the ^ a t e r -  
ing of underlying dolomitic compartments would reduce ealt load
returned to the stream via irrigation return seepage and FIX w 
thus (arbitrarily) set equal to 0,7. For most applications lower
values would be more appropriate.

c) PLEACH: The choice of this parameter is also rather arbitrary.
An initial value of 0,5 is recommended. Inly after calibration o 
the other parameters (of both program, •. .CWti and NACL02 shou d 
this parameter be changed to test •: .'.her ^  improvement in 
can be attained.

d> GLOSS: initially the bad loss should be set to zero. If the
reduction in flow in the reach cannot otherwise be accounted for 
(such as in the case of station B9 discussed in section 3.2.1), a 
bed loss can be introduced.

e) AMANCand AHANF: Manning n values for various conditions are
dealt with extensively in the literature. (Rouse (1949) gives a 
useful table of Manning n values for several channel types, while 
Chow (1959) devotes an entire chapter to the subject). For most 
natural streams n values for the river channel vary between 0,03 
and 0,1. A value of 0,15 is suggested for flood plains.

f) FEVAP. The choice of monthly evaporation factors depend, upon
the aquatic vegetation. For most river, a value of 1,0 Is recom­
mended. For large stands of reeds or other vegetation a ower 
value of FEVAP is recommended, combined with a suitable cho ce o 
monthly values of (TRANS. Rljk. (1969) concluded that evaporation 
from an African swamp about 500m wide is 60 U 5  percent of the 
evaporation from open water, other studies indicated higher ratios. 
(Penman (1963), using data collected by Migahid, found a ratio of 
about unity for recently transplanted papyrus in a 1 0m tank, while 
Gel'bukh (1 9 6 4 ) reported measurements on reeds in tanks with ratios 
b e tw e e n  0 , 8  and 2,5). It should be noted, however, that results for
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h) FIRRIG: The irrigation demand factor will vary according to
the crops and the agricultural practices involved. If details 
concerning crops are available, reference can be made to various 
publications such as those by Olivier (1961,1972) , Israe'son and 
Hansen (1962) and many others. Most of the irrigation by 
riparian farmers of the southern PWV continues unabated through­
out the year with a wide variety of crons. The value of FIRRIG 
was therefore set equal to 1 , 0  for all months.

5,2 Subsequent parameter adjustments
The adjustments that have to be made to the calibration parameters 
of programs NACL01 and NACL02 in order to improve the fit between 
modelled and observed daily discharges are discussed in section
5 .2 . 1  while section 5 .2 . 2  describes the adjustments needed to 
Tip rove the fit between modelled and observed water qualities.

The recommended approach is to optimise the streamflow parameters 
first, before attempting to adjust water quality parameters.

5.2.1 Optimisation of streamflow parameters
The different stages in the parameter optimisation process are 
discussed below:

a) Primary parameter adjustment: The long term mean discharge
is of the utmost importance and the error between modelled and 
observed means (E^ should therefore be minimised. At the same 
time the error between modelled and observe^ base flows should 
also be minimised (the plotting program, NACL2 3, prints average 
monthly modelled and observed discharges). These criteria can 
be satisfied by adjusting any number of parameters, but it is 
suggested that changes during any one simulation be limited to 
two, or at most three, parameters. The flow parameters that have 
the greatest influence on E 1 and base flow discharges are SE, ST, 
ZMAXN and FT. In order to ensure sufficient depth to the soil 
moisture storage (note the water quality considerations discussed 
in section 5.1.1(a) and (b)) it is recommended that ST be left 
unaltered in the initial stages. Changes should therefore be 
confined to parameters SE, ZMAXN and FT. Table 5.2 gives re­
commendations for the adjustment of these three parameters.
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Table 5.2      - «*• ZMAXW °na F--primar

Condition of modelled output Parameter adjustirlent

Mean Base flows SE ZMAXN FT

high high
low

correct

decrease
increase
increase

decrease
increase
decrease

low high - decrease decrease

low increase
correct decrease increase

correct

i

high
low -

decrease
increase

decrease
increase

of magnitude, further reflnemer.e can be made.

r i :  -
set equal to the time displacement, 

should be increased.

Thirdly, the ba.e flowe should be examined. If base flow, at

: = i r  r ; r r ; . -

further ch«,ges in SE, ZMAXN and FT. LAG. TL and GL should be 
adjusted until the correlation coefficient is maximise .

Fine tuning: The final calibration entails a certain amount
nf trial-and-error to improve the model fit. It may be found at

I
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this stage that it had been impossible to reduce base flows 
sufficiently by means of any of the adjustments discussed in a) 
and b) above. This could occur if, for example, recorded point 
discharges are sighificantly higher than those recorded at the 
catchment outlet. In such a case the catchment should first be 
closely examined (in the field) to ascertain whether there is an 
obvious explanation (such as illegal abstractions or irrigated 
lands which had oreviously been overlooked). If no obvious 
cause can be found, a channel bed loss (GLOSS) should be speci­
fied to account for the lost water. It may be wise at this 
stage to repeat steps a) and b) as previous attempts to reduce 
base flows by adjustments only to the catchment model parameters 
may have resulted in unrealistic values (in particular there 
could have been too little dilution of point discharges).

It may also be found that base flows cease entirely early in 
the dry season, in which case SL should be increased (see Fig.
4.3). Adjustments to GL as described in b) above may not com­
pletely succeed in restoring the balance between base flows at the 
beginning and end of the dry season. In this case the parameter 
POW will also have to be adjusted. An increase in POW will have 
to be accompanied by an increase in FT if the mean is to remain 
unaltered (see Figs. 4.1 and 4.2).

Finally, the modelled flood peaks should be closely examined. If 
the modelled peaks at the start of the wet season are consistently 
too high, while those later in the season are too low or approxi­
mately correct, this is an indication that ZMINN should be in­
creased (this should also increase the standard deviation of 
modelled daily discharges). The balance between modelled and 
observed means and base flows will then have to be restored by 
increasing SB, reduce . ZMAXN, or a combination of both. If SE 
is increased, then FT will have to be reduce to prevent base 
flows from becoming too high. Pitman (1976) found that the 
value of ZMAXN required to maintain the same overall volume of 
surface runoff for an increase of ZMINN from zero can be approxi­
mated as i

ZMAXN' = ZMAXN0 . (0,8)ZMINN  (5.3)
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"he'e ZHINN = ZerGZ!4AXNq
ZMINN1 = new value of ZMNN

, ,s the effect on the mean and standard deviation

-  - n w s  01 increa,ee
in each of the calibration parameters.

s  2 2 I , - - .............-  ” t . »  g u a U t ^ ^ e r s

The’various stage, in the optimisation of water quality parameter 
are discussed below:

the balance of the soil moisture salt storage.liiiEir
following procedure is recommended:

. LO LMX 
BPARR' - BPARR ♦ (— SSEK--- 1

*L0 -  <5-4>
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„her. B PA R R ' - new estimate of BPARR (t/kmVd)

**L0 - mean observed salt load (t/d)

* mean modelled salt load (t/d)

w m s m i L

eliminated.

programs NACL03 and N A C L 23 .

(it) Adjust SALTR and SALTU to balance Initial and final 
storages:

T SA L T R p GROW0  BPA RR 1 
S A L T R ' "  SA L T R . t s ALTR~ * GROW^ * BPARR ...................... ( 5 . 5 )

where S A L T R ' = 

T SA L T R p a

T S A L T R . =

GROW(

GROW,N

SA LTU '

new estimate of SALTR (t/km2) 
final total rural surface salt storage (t)
initial total rurax surface salt storage (t)

B growth factor at start of simulation

« growth factor at end of simulation

T SA LTU p GROWq  Bp ARU»
“  SA LTU . i f§ Ai ; f U ^ • GR6W“  * BPARU”  ................... ( 5 . 6 )

where SA LT U ' 

TSALTUj

TSA LTU ]

BPARU'

new estimate of SALTU (t/km2)
tinal total urban surface salt storage (t)
initial total urban surface salt storage (t)
new estimate of BPARU (in this case B PA R U ' -

BPARU)

ff
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initial and final total rural and urban .alt .tor.,., are part 
O f  the printed output from program NACL01.

Equation. 5.5 and 5.6 ar. exact relation.hlp. orovldad that para- 
meters ^\RR and APARU are not altered.

(Ill) Balance Initial and final .oil moisture
Provided that QOBS 1. kept con.tant, thi. can be achieved by
adjusting GONCSs

(5.7)SLOADp GROW0 BPARR» 
CONCS' - CONCS . stOA^ * GROW^ * BPARIr

where CONCS 
SLOAD'F

new estimate of CONCS (mg/i) 
final soil moisture salt storage (t)

SLOADi - initial soil moisture salt storage (t)

initial and final .oil mol.ture .alt .tor.ge. are printed by 
program NACL01.

s e e s
evaporation) from the soil moisture.

The new equilibrium .alt load due to a change in outflow from the 
soil moisture can thus be estimated ass

     -   (5.8)
SLOAD'

where SLOAD'
SLOAD

TQPERC'

TQINT'

SLOAD .

new equilibrium salt load (t)
old equilibrium salt load before changing
QPERC and QINT (t)
new value of TQPERC, the total percolation
during the simulation (mm)
new value of TQINT, the total interflow
during the simulation (mm)
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NOW from equations 2.41 and 2.42 of section 2.2.2 It can be 
deduced that:

Hence: TQPERC - • T<1INT ........................ (5*9 J

where TLOADG - total salt load percolating from soil moisture
storage to groundwater during simulation (t) 

TLOADI - total salt load leaving soil moisture storage
as interflow during simulation (t)

The cumulative totals TLOADG and TLOADI are part of the printed 
output of program NACL01e

F u r t h e r m o r e  t h e  f o l l o w i n g  r e l a t i o n s h i p s  a l s o  exi s t :

TQPERC' - TQPERC . |5p ..........................

TQINT' ■ TQINT. ........................

where FT* ■ new value of parameter FT (mm/d)
PINTH' ■ new value of parameter PINTM

Equation 5.101s only an approximate relationship as the percola­
tion is limited by the evallablllty of water In the soil moisture.

Substituting equations 5.9, 5 JO and 5.11 In equation 5 S yieldsi

• • e • e # a e e ( 5 #12 )SLOAD1 " SLOAD

If Q0B8 is kept constant, SLOAD can be replaced by CONCS in 
equation 5.12 . Combining equations 5.7 and 5.12 yields:

£
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f TLOADG SLOADp GROW0
CONCS' ■ CONCS

iftOADG.B’T̂  , PINTM'
flOAbl SLoADj '

*1'LOAD I. FT + PiNTM
BPARK* 
SPARh (5.13)

Equation 5.13 provides a basis for estimating CONCS1 given any 
changes in FT, PINTM and BPARR together with an imbalance be­
tween starting and ending soil moisture salt storages. It should 
be noted, however, that equation 5.13 is also merely an approxi­
mate relationship.

Steps (i) - (iii) should be carried out at the end of every 
calibration simulation in order to maintain the correct balance 
between initial and final values, especially in cases where the 
running-in period < s relatively short (less than ten years).

b) Secondary parameter adjustments> After the modelled and 
observed mean salt loads have been brought into good agreement 
end a reasonable equilibrium between initial and final storages 
has been achieved, consideration should be given to the distri­
bution of salt loads during the wet season as well as to the 
base flow salt concentrations. The salt load distribution 
during the rainy season is controlled primarily by the relative 
magnitudes of BPARR and BPARU, but is also affected by para­
meters APARR, BPARR and PINTM, while base flow salinities are 
controlled by BPARR, APARR, PDEPS and PINTM.

If peak salt loads at the start of the wet season are too low 
and those later in the season too high, BPARU should be increased 
and BPARR decreased as followst

BPARR* - BPARR - (BPARU* - BPARU).AI ............ (5.14)

where BPARU * - new value of BPARU (t/km*/d)

After adjusting BPARU it may be found that salt loads washed off 
during smallish floods later in the wet season are still too low



5.23

while salt loads produced during larger floods are too high. H  
such a case the fit can be Improved by increasing the magnitude 
of APARF. If APARR Is increased, however, SALTR must be de­
creased. If the calibration period is short (one or two years) 
then BPARR may also have to be adjusted to achieve the correct 
mean salt load. The required change in RPARR depends on the 
antecedent hydrology.

If salt loads during floods are too high while those during th« 
dry season are too low, PINTM should be decreased. This will  ̂
also have the effect of decreasing peak salt loads later in the 
wet season relative to those at the start of the season.

If modelled salt concentrations are found to rise too rapidly 1 
during the dry season, PDEPS should be increased.

Two worked examples illustrating the calibration process are 
given i.t section 5.3.

5.3 Worked examples of model calibration
Sections 5 .3.1 d,scribe the calibration of the model for the 
Natalspruit and R.etspruit catchments (subcatchments 2 and 9 I 
Fig. 3.2). Data for the period 1977.09 to 1978.08 were used 
for boto so as to limit the number of plots needed to illustr| 
the calibration process. As a result (because of the shorter| 
calibration period for modelled discharges) the optimum para^ 
meters differ from those obtained in section 3.2.

The period 1965.09 to 1977.08 was used for running-in prograi| 
NACL01, while a one-month period (August 1977) was used to wl| 
up program NACL02. Iij. 3.2 shows the locations of the two 
test catchments, while Appendix A gives details of catchment 
characteristics and effluent point sources.

f'



5 . 3 . 1  N a t a l s p r u l t  c a t c h m e n t

a) i n i t i a l  p a r a m e t e r  s e l e c t i o n

Initial parameter values were selected according to the principles 
set out in section 5.1 and are given in Tables 5.4 and 5.5.

b) S u b s e q u e n t  p a r a m e t e r  a d j u s t m e n t s

M o d e l  p a r a m e t e r s  c o n t r o l l i n g  m o d e l l e d  s t r e a m f l o w  w e r e  f i r s t  ad 
j u s t e d  u n t i l  a r e a s o n a b l e  fit b e t w e e n  m o d e l l e d  a n d  o b s e r v e d  d i s ­
c h a r g e s  w a s  a c h i e v e d .  S t r e a m f l o w  p a r a m e t e r  v a l u e s  u s e d  in e a c h  
c a l i b r a t i o n  r u n  a r e  l i s t e d  in T a b l e  5.6 t o g e t h e r  w i t h  t h e  s t a t i s ­
t i c a l  p a r a m e t e r s  r e p r e s e n t i n g  t h e  g o o d n e s s - o f  fit. M o d e l l e d  a n d  
o b s e r v e d  d a i l y  d i s c h a r g e s  for e a c h  c a l i b r a t i o n  r u n  are p l o t t e d

in Pig. 5.4.

Once a reasonable fit between modelled and observed daily dis­
charges had been achieved, the water quality parameters were 
progressively adjusted until a good fit between modelled and 
observed daily salt loads was obtained. Water quality parameter 
values used for each calibration run, together with the statis­
tical properties of the fit obtained between modelled and ob­
served values are given in Table 5.7. Pigs. 5.5 and 5.6 show the 
fit between observed and modelled daily salt loads and salt 
concentrations for each simulation.

The p a r a m e t e r s  t h a t  w e r e  c h a n g e d  d u r i n g  e a c h  s i m u l a t i o n  are 
i n d i c a t e d  w i t h  a s t e r i s k s  in T a b l e s  5.6 a n d  5.7.

Table 5.4 i Initial parameter values used in program MAC^l 
far the Natalspruit catchment

Parameter Value Units Derivation of parameter value

AREA 392 km* Measurement
POW
SL

3
0 mm

Pig. 5.1
Recommended value (section 5.1.1(b))

SB 100 mm From Fig. 5.2, the catchment la 
situated partly in a region having a 
recommended value of 200 ram and partly 
on dolomite (SE-0). Hence adopt the 
average
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Table 5.4 - cont.

Parameter Value Units

ST 400 mm
FT 0,13 mm/d
AI 0,089

ZMINN 0 mm/h
ZMAXN 15 mm/h
PI 1,5 mm
TL 0,75 days
LAG 0 days
GL 10 days

Iqobs 0,05 m3/s

DGL
JSALTR
APARR
BPARR

jSALTU
APARU
BPARU
IPDEPS
ICONCS
ICONCBG

PINTM
APARG

Derivation of parameter value

mm

t/km 
— 1mm

t/km /d

mg/1 
mg, 1

t/k " 
mm/d

Recommended value (section 5.1.1(d)) 
Fig. 5.3
Measurement (20% of the urbanised 
area shown on 1:50 000 maps was 
assumed to be impervious)
Recommended value (section 5.1.1(f))
Recommended value (section 5.1.1(g))
Recommended value (section 5.1.1(h))
Recommended value (section 5.1.1(1))
Recommended alue (section 5.1.K j ) )
Value chosen from the middle of the 
recommended range (section 5.1.l(k.)
The simulation commences at the end 
of tha dry season, therefore an 
arbitrary (small) discharge was 
chosen
Recommended value (section 5.1.1(m)) 
800xBPARR (see section 5.1.1(v)) 
Recommended value (section 5.1.1(h )) 
From equations 5.2 and 5,1 (section
5.1.1 (o))
lOOxBPARU (section 5.1.1(w))
Recommended value (section S.l.ltp))
Recommended value (section 5.1.1(g))
Recommended value (section 5*l.l(r))
Arbitrary choice .section S.l.Kx))
Recommended value for urbanised 
catchment (section 5.1.1(e))
Recommended value (section 5.1.1(t)) 

Recommended value (section 5.1.1 (u)
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Table 5.5 : Initial parameter values used in 
for the Natalsoruit catchment

Derivation of parameterParameter Value 1Units
Reach l Reach 2 I

AVLEI
AIRRIG
CHAIN
RETURN

1,0
0

7,5
0,2

6,9
3,0
17,0
0,2

km^
km*2
km

Measurement
Measurement
Measurement
Recommended value (section 
5.1.2(a))

F"X
.. /:achi

0,7
0,5

0,7
0,5 -

Estimate (see section 5.1.2(b))
Recommended value (section 
5.1.2. (O)

PLAT
PUP
HSTART
CONSU

0,40
0,14
1,50
1500

0,46
0

1,50
1500

i m
mg/1

Measurement
Measurement
Arbitrary choice
Observed TDS at start of 
simulation

CONSL 1500 1500 mg/1 Observed TDS at start of 
simulation

GLOSS 0 0 Ml/d Recommended value (section 
5.1.2(d))

SLOPE
AMANC
AMANF
FEVAP

0,0024
0,04
0,06
0,3

0,0024
0,08
0,10
0,3

-

Measurement
Manning n estimated for channel
Manning n estimated £orpJ ^ d
Assumed (see section 
5.1.2.(f))

FTRANS
FIRRIG

Am per 
1,0

Table 4,5 
1 1,0

1

Assumed (see section 5.1.2(g)) 
Assumed (see section 5.1.2(h))

I



Table 5.6 : Optimisation ot streamflow parameters 
(Natalspruit catchment)

Item Observed Ca.Libration run number,-T ._
i 3 4 7

POW 3 3 3 3 3
SL 0 0 0 0 0
SE 100 100 90* 90 90
ST 400 400 400 400 400
FT 0,13 0,30* 0,35* 0,35 0,50*

M AI 0,089 0,089 0,089 0,089 0,089
w
5 ZMINN 0 1* 1 1 1
1 ZMAXN 15 12* 12 14* 14
% PI 1,5 1,5 1,5 1,5 1,5
0. TL 0,75 0,75 1 ,00* 1,00 1,00
H
i

LAG
GL

0
10

1*
10

1
5*

1
5

1
5

£ QOBS 0,05 0,05 0,05 0,05 0,05
DGL 0 0 0 0 0
GLOSS 0 0 0 0 10*

Mean discharge
(m3/s) 2,982 3,031 3,147 3,122 3,033 2,964

1-4 <n « u o v
Standard
deviation 2,202 3,009 3,097 2,942 2,542 2,339

•H
E1
E2
Correlation
coefficient

- 1,64 5,53 4,69 1,71 0,60
n g•H <3
♦» a.V)

36,65

0,817

40,64

0,867

33,61

0,875

15,44

0,874

6,22

0,864



)
ioo- modelled

observed Ron. I .

Run. 2

Run. 7

b I D i J r T n rw

Fio. 5 .4 :  Model cotibrotion for N otoliPfu<t:



tm
Sf
r)

K»ŷ
modelled 
observed Run. I.

Run. 2

Run. 7

i 'S ""| 0 I  h 1 P I J ' I P | M I A I M 1 J

Fig. 5  4 :  Model collbrotion for N otQ leoruit: Diaeharaee



5.29

Table 5.7 : Optimisation of w ater quality parameters 
matalspruit catchment)

Item Observed Calibration run number 1
4 5 6 / 8

i
1
i

SALTR
WPARK
BPARR
SALTU
APARU
BPARU
PDEPS
CONCS
CONCBG
PINTM
APARG

102
-0,001
0,1279

100
-0,01
1,00
0,90
500
10

0,8
0

63*
-0,001
0,0865*

187*
-0,01
1,00
0,90
900*
10

0,8
0

35*
-0,001
0,0476*

187
-0,01
1,00
0,90
670*
10

0,9
0

90*
-0,001
0,1232*

187
-0,01
1,00
0,90
1455*
10

0,9
0

90 
-0 .001 
0,1232 

187 
-0,01 
1,00 
0,90 
1335* 

10 
0,9 
0

Mean 319,9 336,1 327,7 314,9 321,3 320,4

I
i Sal

t 
lo
ad
s  

tt
/d
)

Standard
deviation
=1
=2
Corr.coeff.

141,2 123,9
5,07
12,31
0,737

110,3
2,46
21,93
0,732

92,9
1,56
34,21
0,710

145,0
0,44
2,69

0,765

143,7
0,16
1,77

0,764

g Mean 1225 1337 1310 1267 1270 1267
0

i 1I
Standard
deviationEl
f2
Corr.coeff.

235 279
9,12
18,62
0,737

289
6,96
23,15
0,800

305
3,43

29,79
0,813

239
3,67
1,70

0,769

240
3,43
2,13

0,771

1
M

I
«
*3
V
11
I•

TSALTOj
TSALTUp
TSALTRj
TSALTRp
SLOADj
SLOADp
TLOADG
TLOADI

3489
6510
39984
36518
74004
192419
77329
66058

6524
6510
24696
24694
131464
157564
79154
78413

6524
6510
13720
13587
97868
98512
52477
60275

6524
6510
35280
34751

211726
194270
150319
119499

6524
6510
32144
31975
194264
190589
143504
112553



Sa
lt 

loa
d 

(t
/d

)
5.30

ICO
I coo

000
400

2' X'

ICO

modelled
observed

Run 4

Run. 5

U i

Run. 6

Run. 7

"T .......  >.............. , - —11..—, i     I.,,...............

Run. 8.

s I 0 I N I D “ 1 J f F I M I' A I M I J |— T T T l  

I ^ L  colibfotion for ?h t N q toH pru it; S a lt  I code



5 . 3 1

2000

1000'

K e y ,

■ modelled
-  observed

Run. 4.

1000-

20001
Run. 5.

1000'

TTTTTT
2000-1

Run. 6.

iooo-

20001
Run 7.

1000-

Run. 8

T 1  0  I N I 6 I J 1  F I M n  A i m i j i J r a ~ i

Flo 5 .6 :  Modtl CQllbfdllon tor ttw NatoHpnilt Stlt tynttntfQ tlM ,



A full description of the parameter adjustments made after each 
calibration run Is given below. During the first stage o t e 
calibration process (runs 1 to 4) only streamflow parameters
are adjusted; thereafter (runs 5 to 10) the water quality
parameters are optimised.

Run i; The initial parameter values discussed in section 
5,3.1 (a) were used for the first simulation.

From Table 5.6 It can be seen that the mean discharge is very 
nearly correct, but the standard deviation Is too high. Further­
more, Fig. 5.4 shows that the smaller modelled flood peaks 
early In the wet season are too high. This can be corrected by
increasing ZMINN, say to 1 mm/h. In order to preserve the 
same mean discharge, ZMAXN must be reduced to compensate for 
the change in ZMINN. From equation 5.1 (see section 5.2.1<c i

ZMAXN1 = 15.(0,8)1 = 12 mm/h.

It can also be seen from Fig. 5.4 that the modelled hydrograph
1, In advance of the observed. LAG must therefore be Increased,
say to 1 day.

Finally, the modelled base flows are too low, therefore FT must 
be increased, say to 0,3 mm/d. Normally ZMAXN would also be 
increased to compensate for the Increased mean due to the 
increase in FT. This is not done at this stage, however, as 
both ZMINN and ZMAXN have already been altered, and further 
changes in the first calibration step would merely obscure the 
effects of the other parameter adjustments. The mean can be 
re-adjusted after the next simulation.

Run 2 : Table 5.6 shows that the mean and standard deviation are 
both too high and Fig. 5.4 shows that the base flow, are .till 
a little low. Modelled flood peaks are too high, but are now 
in pha.e with the observed peaks (I.e. LAG need not be adjusted
any further).

The mean, standard deviation and flood peak, can be lowered by 
reducing SE, say to 90 mm, while the ba.e flow, can be raised



by slightly increasing FT, say to 0,35 mm/h. From Table 5.6 
it can be seen that E2 is very much greater than E1, indicating 
that the relative decrease in the modelled standard deviation 
needs to be greater than the decrease in the mean. This can 
be achieved by increasing TL (which is a shape parameter, and 
therefore does not alter the mean), say to 1,0 ,

It is apparent from Fig. 5.4 that the modelled base flows 
early in the dry season (March and April, 1978) are too low, 
while those towards the end of the dry season (August, 1978) 
are too high. The base flows can be re-distributed (without 
altering the total volume) by decreasing GL, say to 5 days.

Run 3% Table 5.6 indicates that both mean and standard deviation 
are still too high, and Fig. 5.4 shows that most of the flood 
peaks are too high. The fit between modelled and observed base 
flows appears to be good. The best way to decrease the flood 
peaks without greatly affecting base flows is to increase ZMAXN, 
say to 14 mm/h (decreasing SE would also have reduced base flows, 
while increasing ZMINN would severely affect the smaller flood 
peaks whereas it is the larger peaks that need the greatest 
reduction).

Run 4i Table 5.6 and Fig. 5.4 indicate a reasonably good fit 
between modelled and observed daily discharges. We are now in 
a position to s»art optimising water quality parameters.

Table 5.7 gives statistical details of the fit between modelled 
and observed daily salt loads and salt concentrations for run 4 
while Figs 5.5 and 5.6 are the corresponding plots.

From Table 5.7 it can be seen that the mean salt lead is too 
high, indicating that BPARR should be reduced. Other water 
quality parameters will have to be adjusted to correct the 
balance between initial and final storages.



Using equation 5,4 (see section 5.2,2(a));

BPARR' = 0,1279 + *-319 
« 0.0865 t/km2/d

From equation 5.5:
SALTR' - 1 0 2 . ^ . ^ § . § ^ |

- 65 t/km2

Similarly, from equation 5.6:
SALTU' -

■ 187 t/km2

Finally, the initial soil moisture salt storage must be 
adjusted by means of a change in the initial soil moisture 
salt concentration. From equation 5.13:

CONCS' * 500.

« 879

77329
i + u r n  
7 7 5 2 4 .6 ,5 3 + 5 7 8

The new CONCS value can be rounded up to 900 mg/1, as an 
increase in the initial soil moisture salt storage will in 
itself have the effect of slightly increasing the final storage 
over and above the value predicted by equation 5.13.

It should be noted that GR0WQ and GROWN in equations 5.5,
5,6 and 5.13 have values of unity because the salt recharge 
rate has been assumed to be zero for the purposes of the 
two examples in this section.

HUn 5| Table 5.7 again shows that the mean salt load is too 
high, indicating that BPARR must be still further reduced. 
Equation 5.5 can now be abandoned in favour of simple propor­
tionality:



A reduction in BPARR from 0,1279 to 0,0866 t A m 2/d reduced 
the modelled mean from 336,1 to 327,7 t/d. The required 
BPARR value to bring the mean to 319,9 t/d (the observed
value) can thus be computed asi

BPARR' - 0,0665 - • ,327,7-319.9)

■ 0 »0476 t/km2/d.

Using equation 5.5, SALTR is adjusted to 35 t/km2.

From Figa, 5.5 and 5.6 it can be seen that salt loads (and 
concentrations) during floods tend to be a little low, whl e 
base flow salinities are a little high. An increase in 
PINTH will have the effect of Increasing the flushing of the 
soil moisture storage, thereby increasing ralt loads during 
floods and reducing base flow salt concentrations. PINTM 
is therefore increased to 0,9.

CONCS is now adjusted to balance the soil moisture salt storage. 
From equation 5.13, CONCS' - 559. This reduction in CONCS, 
however, seems to be too drastic. Bearing in mind that equation 
5.13 is only an approximate relationship we ran Increase 
CONCS' by say 20% to 670 mg/1. (This is a judgement decision 
based on extensive experience of the model behaviour and is 
used here simply to reduce the number of simulations in the 
example. Following the method outlined in section 5.2.2 an 
extra simulation would be required).

Run 6, At this stage has been reduced to only 1,561 and a 
reasonable balance has been obtained between SLOAD, and SL0ADp 
and between TSALTt and TSALTp (see Table 5.7). Base flow 
•alt concentrations, however, tend to be too high, especially 
in the September-December, 1977 period (see Pigs. 5.5 an 
5.6). Moreover, the modelled standard deviation of daily 
•alt loads and the peak salt loads are too low. The balance 
could be restored partially by further increasing PINTM, but 
the interflow component already comprises 90 percent of the 
surface runoff from pervious catchment surfaces. Any further 
increase in PIMM would therefore be unrealistic. Other
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strategies which might be employed to increase the flood peak 
salt loads will inevitably also increase the base flow salt 
concentrations and will lead to a deterioration of the fit 
between modelled and observed means.

A careful examination of the catchment reveals that a sub­
stantial portion of the course of the Natalspruit traverses 
dolomite (see Fig. 5.7). It is also clear that base flows 
are dominated by effluent inputs, especially the highly saline 
water pumped from the workings of the ERPM gold mine. Fig.
5.7 shows the location of the major point inputs while Table
5.8 gives average discharges and salt concentrations for the 
period 1977.09 to 1978.08.

From the disposition of the effluent point sources it is clear 
that even a small bed loss downstream of the ERPM gold mine 
could substantially reduce the base flow salt concentrations.
The assumption of such a bed loss is tenable because of the 
location of the lower Elsburgspruit on the contact of the 
dolomitic area. Even a small outcrop of fissured dolomite in 
the river bed could account for the loss.

Assuming such a bed loss, say GLOSS*10 Ml/d, FT must be 
increased (say to 0,50 mm/d) to balance the base flow discharges, 
and BPARR must also be increased to balance the mean salt 
loads.

With the further assumption that about half of the bed loss 
will be derived from the mine effluent (because the effluent 
is mixed with catchment runoff) we can deduce that the salt 
lost due to the increase in GLOSS will be approximatelyi

(^•GLOSS*10'3)•3998 
«• 20 c/d

Compensating for this loss and for the difference between the 
modelled and observed mean salt loads using simple proportion-
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Table 5.8: Average discharges and salt concentrations of 
effluent point flows entering the Natalsprult

Serial
no. Description

Average
discharge
(Ml/d)

Average
TDS

(mg/1)

1 ERPM gold mine 48 3998
2 Germiston (Rondebult) sewage 

works 39 746
3 Germiston (Dekema) sewage 

works 56 563
4 Boksburg (Vlakplaats) sewage 

works 44 678

tree1 ts*io' OS* 15' t r  to'
cr io' - -f- t- 4- 4 -

\

point

N#

F i t . 8 .7 :  b w if to n  of mow  •ffto tm  point to u rc to  and dotemitte 
##@# H it fjqfo ltpru if c s tc h m ttif



ality yields:

BPARR' 0,0476 + (2̂ 0865-0,0476). (jig
= 0,1232 t/km2/d

CONCS is then adjusted to accommodate the changes in BPARR' 
and FT and the imbalance between initial and final soil 
moisture salt storages by means of equation 5,13:

Run 7* Table 5.6 and Fig. 5.4 indicate a small improvement 
in the fit between modelled and observed daily discharges, 
further adjustment of streamflow parameters is not required. 
Figs. 5,5 and 5,6 and Table 5.7 show a substantial improvement 
in the fit between modelled and observed daily salt loads and 
daily salt concentrations, thereby justifying the assumption 
of a bed loss from the Elsburgspruit. Although the fit 
between modelled and observed values is good, further parameter 
adjustment is desirable in order to improve the balance between 
initial and final soil moisture salt storages.

From equation 5.13 the new estimate of CONCS becomes 1335 mg/1. 
BPARR is not adjusted as the modelled mean salt load is only 
slightly higher than observed, and the reduction in CONCS will 
in any case reduce the modelled mean.

RunJJ: The statistical parameters of Table 5.7 show that an
acceptable fit has been achieved. Furthermore, the 8,2 percent 
decrease in CONCS has produced only a 0,3 percent change in the 
mean modelled salt load, indicating that any remaining imbalance 
between initial and final soil moisture salt loads is incon­
sequential.

1+ 12477
98512 1,0 0,1232
9ms"rfr'o!o47sCONCS' = 670 60275

_60275'0TT5 079m n . + M

= 1455 mg/i.

Marginal improvements to the model fit could be achieved by 
means of a further small increase in GLOSS and by finer adjustment 
of parameters such as APARR, APARU, PDEPS, CONCBG, PIMTM and



PLEACH, but the large number of emulation, required cannot 
be justified by the small Improvement In fit which can e
gained.

5.3.2 Rietspruit catchment
a) TnHtlal parameter selection

and 5.10
b) Subsequent parameter adjustment

E

are plotted in Fig* 5.8.

centretlons are plotted In Figs. 5.9 and 5.10.

The parameter adjustment, made after each calibration run 
are described below.

Run 1, The initial parameter value, given In Table. 5.9 and 
5.10 were used for the first simulation.

■ M i r

say to 210 mm.



6.40

Table 5.9 : Initial parameter values used In program, 
NACL01 for the Rietspruit catchment

Parameter Value Units Derivation of parameter value

AREA 1116 km^ Measurement
POW 3 - Fig. 5.1
SL 0 nun Recommended value (section 5.1.1(b))
SE 200 mm Fig. 5.2
ST 400 mm Recommended value (section 5.1.1(d))
FT 0,10 mm/d Fig. 5.3
AI 0,006 - Measurement
ZMINN 0 mm/h Recommended value (section 5.1.1(f))
ZMAXN 15 mm/h Recommended value (section 5.1.1(g))
PI 1,5 mm Recommended value (section 5.1.1(h))
TL 0,75 days Recommended value (section 5.1.1(1))
LAG 0 days Recommended value (section 5.1.1 (j))
GL 10 days Recommended value (section 5.1.1(k))
QOBS 0,05 m3/s Arbitrary small dry season discharge
DGL 0 - Recommended value (section 5.1.Km))
SLATR 72 t/km2 800XBPARR (section 5.1.1(v))
APARR -0,008 mm * Recommended value (section 5.1.1 (n))
BPARR 0,0903 t/km2/d Fror.i equations 3.4 and 5.1 (section

5.l.l(o))
SALTU 100 t/km2 lOOxBPARU (section 5.1.1(w))
APARU -0,01 mm”3 Recommended value (section 5.1.Up))
BPARU 1,00 t/km2/d Recommended value (section 5.1.1 (q))
PDEPS 0,90 - Recommended value (section 5.1.l(r))
CONCS 500 mg/1 Arbitrary choice (section ‘>. 1.1 (x))
CONCBG 10 mg/1 Recommended value (section 5.1.1(8))
PINTM 0,80 - Recommended value (section 5.1.1 (t))
APARG 0 t/km2/

mm/d Recommended value (section 5.1.1 (u))

.. » ' -V» .. .



Table 5.10: Initial parameter values used in program
NACL02 for the Rietsprult catchment

Parameter Value Units Derivation of parameter value

AVLEI 0 km2 Measurement
airrig 4,0 km2 Measurement
CHAIN 17,0 km Measurement
RETURN 0,2 - Recommended value (section 5.1.2(a))
FIX 0,7 - Estimate (see section 5.1.2(b))
PLEACH 0,5 - Recommended value (section 5.1.2(c))
PLAT 0,28 - Measurement
PUP 0,72 - Measurement
HSTART 1,00 m Arbitrary choice
CONSU 800 mg/1 Observed TDS at start of simulation
CONSL 800 mg/1 Observed TDS at start of simulation
GLOSS 0 Ml/d Recommended value (section 5.1.2(d))
SLOPE 0,0015 - Measurement
AMANC 0,04 - Manning n estimated for channel
AMANF 0,10 - Manning n estimated for flood plain
FEVAP 1,00 - Value for open water surface (section 

5.1.2(f))
FTRANS 0 - Value for open water surface (section 

5.1.2.(g))
FIRRIG 1,00 Value for open water surface (section 

5.1.2(h))

if
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Table 5.11 $ O p t i m i s a t i o n  of s t r e a m f l o w  parameters 
( R l e t s u r u i t  c a t c h m e n t )

Item Observed Calibration run numbeic |
1 2 3 4 5 9 10

I
1

POW
SL
SE
ST
FT
AX
ZMINN
ZMAXN
PI
TL
LAG
CL
goes
DGL
GLOSS

3
0

200
400
0,10
0,006

0
15

1,5
0,75

0
10

0,05
0
0

3
0

210*
400
0,10
0,006

0
15

1,5
0,75

0
10

0,05
0
0

3
0

210
400
0,10
0,006

2*
10*

1,5
0,75

1*
10

0,05
0
0

3
0

220*
iOO
0,10
0,006

2
12*

1,5
1,0*

1
10

0,05
0
0

3
0

222*
400
0,10
0,006

2
12

1,5
1,0

1
10

0,05
0
0

3
0

122*
300*
0,10
0,006

2
12

1,5
1,0

1
10

0,05
0
0

3
0

132*
300
0,12*
0,006

2
10*

1,5
1,0

1
10

0,05
0
0

Mean discharge 
(B*/S) 3,557 3,254 3,527 3,512 3,494 3,566 3,211 3,544

I
Standard
deviation
*1
B2

6,972 6,869
8,52
23,44

7,502
0,84
16,36

8,080
1,27
9,94

8,189
1,77
8,73

8,389
0,25
6,50

8,424
9,73
6,11

9,106
0,37
1,49

Correlation
coefficient - 0,432 0,463 0,609 0,653 0,652 0,649 0,690

RUn 2i Table 5.11 now shows that the mean discharge Is nearly 
correct. ZMINN can therefore be adjusted so as to reduce the 
earlier flood peaks, say to 2 mm/h. ZMAXN must then be decreased 
to preserve the modelled mean. Using equation 5.3*

ZMAXN* - 15.(0,8)2
■ 9,6 say 10 mm/h.

Fig. 5.8 shows that the modelled flood peaks are about one day 
earlier than those observed. This can be corrected by setting 
LAG equal to 1 day.
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Table 5.12 : Optimisation of water quality parameters 
~ (Riatspruit catchment)

Item

I

I
i
I

1

•ALT*

BfAM
•ALTO
Amu
•mu
•Hits
CONCS
COKCM
MOT*
Amo

Observed

StMidsrd
deviation

Corr.coeff
Me*
•tandaid
deviation

Corralation
eeetf.

I

TSALTU,
TSALTU,
MALT*,
MALTA,
■LOAD,
•LOAD,
TLOAD0
TLOAO.

134.1
115.1

Calibration nwber

72 15* 40*
-0,005 -0,005 -0,006
0,0*03 0,043$* 0,0411*

loo 1*5* 111*
-0,01 -0,01 -0,01
1,00 i.oo 1,20*
0,1 0,1 0,1
500 ISO* 570*
10 10 10
0,5 0,6 0,1*
0 0 0

•71,1
1««,1

111, 3 125,1 115,2

351,1 221,* 232,2
16 55 *,71 0,52
*4,50 13,21 15,71
0,711 0,716 0,711
*15,0 *42,4 711,1

1*7,1 150,1 117,1
$52 2*. 32 15,15
41,*4 17,02 11,01

0,514 0,542 0 515
•70 1105 1111
110* 110* 1131
•0152 1*050 44*40
•1*70 1*4*5 44*02
205410 145*01 217*10
31*011 110730 21151*
112151 *5001 15075
111113 204I11 225237

II*
-0,006
0,04«7*

111
-0,01

1,20
0,7*
550*
10
0,«
0

111,5
211,1
1,11
11,10
0,722
701,1
202,0
11,71
21,45
0,M4
1111 
1111 
43524 
44051 
111710 
2141*3 
I1I05 
205712

40*
-0,004
0,0412*

111
-0,01
1,20
0,7
105*
10

0,1
0

133.1
251.2 
0,22
12,00
0,701
122,7
231,4
5,14
11,71

0,555
1111
1111
44*40
441*7
1*2141
11111*
7*34*
214551

10
40

-0,00*
0,0412
111

-0,01
1,20
0,7
*50*
10
0,5
0

111,1
2*0,5
1.51
31,15
0,741
7*1,5
211,1
12,40
21,47

0 55*
1111
1111
44*40
44155
1*110*
17**11
1*1*1
225*54

11 12
II*

-0,00*
0,04*4*

III
-0,01
1,20
0,7
*45*
10
0,«
0

117,5
2*5,1
2,1*
30,61
0,741
755 1
211,1
11,05
21,40
0,11*
1111 
1121 
4 111* 
41415 
1717** 
172165 
15521 
221044

15* 
-0,00* 
0,04*1* 
111 

-0,01 
1,20 
0,7 
*10* 
10 
0,« 
0

135,1
250,0
0,6*
2

11,67
21,11

o,as*
1113
1311
4240«
42014
1*71*0
1*534*
•till
21*141
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z m a x n  is t h e r e increased, say to 12 mm/h and SE is Increased#
say to 220 mm.

The flood recession limbs appear to be too steep, therefore
increase Tn, say to 1,0.

Run 4 ; t- ig. 5.8 shows that the modelled flood recession limbs 
are about parallel with those observed, therefore TL need not 
be adjusted. The balance between early and late season flood 
peaks is also much improved, but Table 5.11 shows that the 
modelled mean is a little low. This can be improved by increasing



Fig. 5.8 also shows that the modelled base flows during the 
period September - December, 1977 are too high. This cannot 
be improved upon# however, as the observed discharges (30 Ml/d) 
are in fact lower than the observed effluent point inputs, which 
enter the stream close to the Rietspruit weir (station RV2) and 
the geology of the area does not support the assumption of 
high bed losses. (This portion of the Rietspruit is situated 
in an alluvial plain for which Brink (1978) estimates perm­
eabilities in the range 0,36 - 0,0036 iran/h).

Run 5i Table 5.11 and Fig. 5.8 indicate a reasonable fit between 
modelled and observed daily discharges. Water quality parameters 
can therefore now be optimised. Fig. 5.9 and Table 5.12 show 
that the modelled salt loads are too high. A large imbalance 
between initial and final salt storages is also evident.

Using equation 5.6, SALTU becomest

SALTO' -
- 165 t/km2

Equation 5.4 is used to adjust BPARRt 
BPARR' - 0,0903 + (I£ij^SLfcl>

* 0*0436 t/km3/d

Using equation 5.5, SALTR becomesi 
SALT*- - 7 2 . g $ § - k § - § $ § !

■ J5 t/km2

And finally CONCS is adjusted using equation 5.13* 

CONCS* - 500.



Run 6: Fig. 5.9 shows an improvement in the modelled daily salt 
loads, but Table 5.12 shows that the mean daily salt load is 
now too low. It is also clear from Fig. 5.10 that modelled salt 
concentrations during floods are too high, while those during 
base flow conditions are too low. This imbalance can be 
rectified to some extent by reducing PINTM, say to 0,6, thereby 
reducing the interflow component of surface runoff.

By simple proportionality the new value of BPARR becomes*

BPARR' - 0.0436 ♦ 10.0903-0.0436)

■ 0.0505 t/km2/d

Figs. 5.9 and 5.10 show that the modelled salt loads during 
the early season floods are too low, implying that the im­
pervious area salt recharge rate should be Increased (see sec­
tion 5.2.2(b)), say to 1,2 t/km2/d.

BPARR must therefore be adju^ -d to compensate for the increase 
in BPARU. With equation r , BPARR then becomes*

BPARR’ = 0,0505 - (1,2-1,0).0,006 
- 0,0492 t/km2/d

Prom equations 5.5 and 5.6 the new estimates of SALTR and SALTU 
become 40 and 199 t/km2 and from equation 5.13 CONCS becomes
570 mg/1.

Run 7, Tsbl. 5.12 show. th.t the mod.ll.d snd ob..rv.d x s n  ..It 
i n n  « .  in good agreement .nd the b.l«.c. between lnltl.1 and 
final .alt .torage .tatea 1. reasonable. Pig». 5.9 and 5.10, 
however, .till .how base flow .alt concentration, that ar. too 
low. Comparison of Run 6 with Run 7 reveal, that the reduction 
1„ PINTM ha. only marginally Improved the ba.e flow ..Unities. 
Further reduction of PINTM will therefore serve little purpose 
and might even lead to a deterioration of the fit between 
modelled and observed peak salt loads.



A reduction of PDEPS, say to 0,7, should have the desired 
effect of increasing base flow salinities.

BPARR, SALTR and CONCS are adjusted as before and the new 
values are given in Table 5.12.

Run 8: Prom Table 5.12 and Fig. 5.10 it can be seen that 
the base flow salt concentrations still fail to recover quickly 
enough after the rainy season. It could be that the soil 
moisture storage is too deep. It might be possible to improve 
the fit by reducing ST, say to 300 mm. Reducing ST should 
enhance the effect of evaporation on soil moisture salt con­
centrations, resulting in a more rapid rise in base flow 
salinities during the winter period.

To maintain the correct water balance, SE must be reduced by 
the same amount as ST, i.e. to 122 mm. FT will probably have 
to be increased, but this should be done in the following step 
so as to avoid the confusion arising from altering too many 
parameters at the same time.

The routine salt balance adjustments to parameters BPARR,
SALTR and CONCS are indicated in Table 5.12,

Run 9i From Fig, 5.8 it can be seen that base flow discharges 
are now too low. ft is therefore increased to 0,12 mm/d.
The mean discharge has also declined (see Table 5.11). This 
can be rectified by increasing SE, say by 10 mm. The mean salt 
load is very close to that observed, therefore BPARR and SALTR 
are not altered. The initial soil moisture salt storage, 
however, is too low. From equation 5.13 CONCS becomes 680 mg/1.

R u n 10i Fig. 5.8 and Table 5.11 show a large improvement in the 
fit between modelled and observed daily discharges. The 
comparison between runs 5 and 10 (see Table 5.11) shows that the 
best fit using ST ■ 300 mm is superior to that with ST ■ 400 mm.



The modelled mean salt load is as yet too high. The adjustments 
made to the streamflow parameters during runs 9 and 10 make it 
difficult to estimate the change required in BPARR. The change 
in mean salt load due to the alteration of BPARR from run 7 to 
run 8 (see Table 5.12) can be used to estimate BPARR'*

BPARR' - 0-0492 - • (0.0493-0,0487,

■ 0,0484 t/km2/d

The routine adjustments to SALTR and CONCS are shown in Table 
5.12.

Run 11; Table 5.12 shows that BPARR has not been sufficiently 
reduced. By simple proportionality (using the results of runs 
10 and 11) the new estimate of BPARR becomes 0,0469 t/km /d.
The adjustments to SALTR and CONCS are shown in Table 5.12.

Run 12: The error between observed and modelled mean daily 
salt loads has now been sufficiently reduced, although the 
modelled standard deviation is a little high (Table 5.12). This 
can be attributed to the fact that the modelled base flow 
salinities (although higher than in run 8) are still too low.

The base flow salt load could be increased by means of a 
further reduction of ST, but this would increase the standard 
deviation of the modelled daily discharges (compare runs 5 and 
10 of Table 5.11) with a consequent deterioration of the fit. 
Further parameter adjustment therefore cannot be justified, 
especially in view of the inconsistency between observed 
discharges at RV2 and the point inflow immediately upstream of 
the weir. (See the discussion on run 4).

Any further attempt to improve the base flow salinities could, 
in view of the above data inconsistencies, lead to unrealistic 
parameter values. The values used in run 12 are therefore 
accepted as representing the optimum calibration*



CHAPTER 6 CONCLUSION

A mathematical model to generate daily catchment runoffs and 
associated salinities using daily rainfall and evaporation data 
as basic input together with a channel routing model has been 
successfully developed and tested.

The model can be used to patch and extend records of daily 
streamflows and salt loads, provided that sufficient data are 
available for the model parameters to be properly calibrated.
Once the model has been calibrated it can be run for a wide range 
of hydrological conditions, limited only by the availability of 
rainfall data. The modelled daily discharges and salt loads 
can then be used to simulate the effectiveness of various pollu­
tion control strategies, thereby facilitating selection of 
the optimum solution.

The strong correlation found between diffuse source generation 
rate and industrial water consumption introduces a degree of 
prediction ability which can be used to estimate likely future 
pollution levels. In comparing water management and planning 
options a comparison based on present-day conditions alone may 
not suffice. The behaviour of alternative systems subject to 
expected future conditions may prove a more appropriate decision­
making criterion, especially where costly capital works with 
long service lives are involved. The model provides a means 
of simulating likely future conditions. If necessary a spec­
trum of possible future conditions could be simulated ranging 
between extreme high and extreme low salt generation growth 
rates.

As the model is applied to more catchments it may be possible to 
improve the confidence with which the model can be used to pre­
dict the environmental impact of new catchment developments. As 
yet it is not possible to predict the effect of any particular 
type of catchment development, such as a new residential area. 
This could be facilitated by in»depth studies of a large number 
of smaller homogeneously developed catchments. Such studies, 
however, would prove costly and time-consuming and the dominance



of one or two special elements in small catchments # such as a 
canning factory in an industrial area, might make generalisation 
of the results impracticable.

The study of other catchments similar in size to those in the 
PWV region might prove to be a more fruitful approach. Correla­
tion between catchment characteristics and salt generation rates 
for a much larger number of catchments should prove a worthwhile
exercise.

The model in its present form is designed to simulate the move­
ment of total dissolved solids. Provided sufficient data can be 
accumulated it should prove possible to adapt the model to simu­
late the behaviour of individual conservative chemical consti­
tuents as they move through the system.
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SYNOPSIS

This report describes a numerical model designed to simulate on 
e monthly basis the fluctuations of salinity and storage state 
of the reservoirs of the Vaal river water supply system.

Inputs to the model comprise* output from the monthly waehoff 
model described in HRU Report no. 1/SO, along with the matrix 
ef annual water demands, the monthly rainfalls* the mean 
monthly potential evaporations, the physical characteristics of 
the reservoirs, the model parameters defining the operating 
rules and, finally, the assumptions associated with each of 
the simulations.

fhe feed-back effects of return flows of mineralised effluents 
which re-enter the water supply system are modelled on the 
assumption that steady-state conditions persist throughout each 
month simulated. Functions relating operational and maintenance 
costs to the YDS concentrations in the water supply have been 
incorporated so that the approximate costs associated with 
different levele of pollution can be assessed and to provide* 
a basis of comparison and appraisal of different ameliorative 
measures.

The computer programs have been written in such a way that a 
wide variety of management and planning options can be modelled 
without recourse to programming changes. The behaviour of the 
system is simulated for several of these options in order to 
demonstrate the power and versatility of the model.

A comprehensive user manual is provided for guidance in the 
handling of the various computer program

, r., ̂ 4, A: A" :
4



CHAPTER 1 t INTRODUCTION

1.1 Motivation

The Pretoria-Wltwatersrand-Vereeniging (PWV) complex constitutes 
the largest and most highly developed concentration of human 
activity in southern Africa. For its water supply it is 
dependent upon the Vaal river and this source is also the sink 
for much of the pollution generated in the southern portion of 
the PWV region. Polluted water passes on down river to the 
detriment of other users of Vaal river water, such as the 
Western Transvaal Regional Water Company, the O.F.S, Goldfields 
Government Water Scheme and the Vaalharts Government Irrigation 
Scheme. Figure 1.1 shows the location of the PWV region end 
identifies the most significant components of the system.

The major impoundments of the present Vaal system are the Vaal, 
Bloemhof, Grootdraai and Sterkfontein Dams. The last-mentioned 
is a component of the Tugela-Vaal scheme and provides reserve 
storage for water transferred from the Tugela river, thus 
allowing the Vaal Dam and other storages in the system to be 
drawn upon at higher rates than normally would be risked. 
Possible future components include a dam at Schoemansdrift on 
the Vaal river near Parys on the farm Welkom (referred to 
subsequently as Welkom Dam) and a second reserve storage 
reservoir (referred to as New Dam) in the upper reaches of the 
Vaal upstream of Grootdraai Dam to hold water transferred from 
the Usutu catchment.

The major concerns regarding the water supply potential of the 
Vaal system are, first, the timeous implementation of suitable 
augmentation schemes to meet growing demands, and second, the 
implementation of appropriate ameliorative measures to ensure 
the supply of water of acceptable quality to all users. 
Techniques for estimating the assured yield of a river system 
are already well established and consequently planning the 
sizing and timing of augmentation schemes presents 
little difficulty. Selection and design of suitable 
ameliorative measures to improve the quality of
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1.3

water supplies, however, constitute a much more complex 
problem requiring an entirely different approach.

Increasing mineralisation of the water resources of the 
Vaal system has become a cause for concern, both because 
of health hazards and because of the high costs associated 
with damage to industrial and domestic equipment.

In 1975 the Water Research Commission initiated a study 
of the PWV complex in regard to existing and incipient 
problems of water supply, waste water management and pollution 
control, with special reference to mineral pollution. The 
Hydrological Research Unit of the University of the Witwaters- 
rand, funded by the Water Research Commission, undertook to 
develop a set of numerical models which could be used to 
simulate the fluctuations of salinity at key points in the 
system and to compare various options for ameliorating un­
desirable future salinity conditions. Models which have 
previously been documented are the monthly washoff model 
(Herold, 1980), which simulates monthly diffuse salt loads 
washed off a catchment using monthly runoff volumes as 
basic input, and the daily washoff model (Herold, 1981a) 
which, with daily rainfall and mean monthly potential evap­
oration data as basic input, simulates daily catchment runoffs 
and associated diffuse-source salt loads and routes these 
together with effluent point inputs, through the channel 
system. Output from these two models serves as input to 
the daily feed-back model (Herold, 1981b), the purpose of 
which is to simulate daily fluctuations of storage state 
and salinity in all reservoirs of the Vaal water supply 
system. The daily model also simulates the feed-back effect 
whereby water abstracted from Vaal Dam and Vaal Barrage is 
supplied to users in the southern PWV region, discharged 
into the tributaries of the Vaal Barrage (at increased TDS 
levels) and re-enters the Vaal river from where it is again 
abstracted. The daily feed-back model is extremely complex 
(requiring up to 38 separate input and output files) and is 
consequently expensive to run. This daily model is therefore



best suited for the simulation of relatively short hydrological 
sequences, of the order of two to three years. Much longer 
sequences can of course be simulated, but at high cost in terms
of computer time.

Tne model discussed in this report is a simplified version of 
the daily feed-back model and operates at a monthly time step.
As a consequence it is more economical to run. The purpose 
of the monthly model is two-fold. In the first place, it can 
be run for a number of years in order to establish starting 
conditions (in terms of both storages and initial salt concen­
trations in the reservoirs) to be used as input to the daily 
model. If, for example, it is desired to compare the per­
formance of several system options under 1990 conditions of 
iemand and catchment development, the monthly model can be 

d to simulate the years from the present date until the 
oec .iining of 1990 and the daily model need then be run only 
for the remaining one year. This exercise could then be 
repeated for several hydrological sequences in order to establish 
either the most likely or the most severe 1990 salinity con­
ditions associated with the option being tested. In the 
second place the monthly model can, at relatively low cost, 
simulate a large number of hydrological sequences for each 
proposed option thus allowing an initial comparison to be 
drawn between options. Many obviously poor options can then 
be eliminated without recourse to the more expensive daily 
model. For some options, indeed, it may not be necessary to 
run the daily model at all because in many such cases the 
day-to-day fluctuations of TDS concentrations in the Vaal 
Barrage are of little consequence. Options 4C, 5A and SB 
discussed in Chapter 3 are cases in point.

Brief descriptions of the computer programs comprising the 
monthly feed-back model follow.
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1.2 Program RES001
Program RES001 lb the main computational program which solves 
the water and salt mass balance equations for all reservoirs 
in the system and computes salt concentrations at key points. 
Costs to users associated with TDS in the water supply in 
various demand centres are computed month by month using the 
relationship between TDS and operational and maintenance costs 
derived by Heynike (1980).

The structure of program RES001 is described in Chapter 2. 
Appendix A has the details of the data used as input to the 
model and a program user manual is to be found in HRU report no.
4/81 (Harold, 1981b).
1.3 Program RES003
RES003 is a program which plots monthly reservoir storages and 
monthly salt concentration t >t key points in the system sim­
ulated by program RBS001. This program is designed to be 
used in conjunction with a CALCOMP plotter.

1.4 Program RES004
RES004 plots duration curves of simulated monthly salt con­
centrations at key points in the system using a CALCOMP plotter.

A21 programs are written FORTRAN IV and have been developed 
for an IBM 36u or 370 system.
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2.1 Introduction

Figure 2.1 Is a system diagram showing the major elements of
the model. Those features indicated In red are as yet not 
in existence. Input to the model comprises monthly catchment 
runoffs and salt loads, monthly rainfalls, mean monthly 
potential evaporations, annual reservoir demands and physical 
features of the reservoirs. The model operates to a monthly 
time step.

For each month simulated, the water mass balance equations 
are solved for each reservoir in the system according to user® 
specified operating rules. The equations are solved for 
■reservoir status in the following orders New Dam, SrootdraaiT— * 
Sterkfontein, Veal Dam, Vaal Barrage, WeIkora and Bloemhof. 
Whenever a reservoir experiences a supply shortfall, a call 
is made upon the next upstream dam to make good the shortfall. 
If Sterkfontein Dam cannot meet Vaal Dam shortfalls, then 
the system can be considered to have failed and the deficit 
is printed. To enable the simulation to proceed the deficit 
is assumed to be met from some unprescribed source.

A decision block has been built into the program which enables 
the user, by means of minor changes of the coding, to re® 
distribute the »wv demands between Vaal Dam, vaal Barrage and 
Welkom Dam when Vaal Dam or Sterkfontein Dam fail, storage 
equations for . :h reservoir are then solved again using 
the adjusted demands for the month cmlerned. . In this manner 
a number of water supply options may be tested.

Once the water balance equations for the month have been 
solved, solution of the salt mass balance equations for 
Orootdraal, Sterkfontein and Vaal Dam proceeds. Salt concen­
trations of water supplied to the PWV region, of effluent 
return flows and of water in Vaal Barrage are then established 
assuming steady-state conditions during each month. Allowance 
is made for channel losses and irrigation abetractionn and
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return flows. Provision is made for the inclusion in the 
model of direct reclamation and desalination elements.
Finally the salt balance equations for Welkom and Bloemhof 
Dams are solved.

End-of-month water and salt storages and water and salt 
fluxes are printed for each reservoir, together with monthly 
water supply salt concentrations. Accumulated totals are 
printed at the end of the simulation.

Reservoir water and salt mass balance equations are discussed 
in sections 2.2 and 2.3, while the steady-state equations 
governing the salt concentrations of water supplied and 
that returned from the PWV region are given in section 2.4. 
The operation of the entire system model is described in 
section 2.5.

2.2 Reservoir water mass balance
2.2.1 Storaqe-area relationship
The storage-area relationship for each reservoir is defined 
by a table of surface areas which are specified for vetloue 
storages. Surface areas for any given storage are inter­
polated linearly between the specified values. From Fig. 2.2
it can be seen that the surface area, A (km*) for storage S
(m3 x 10*) is given by?

where Afl, A +1, Vfi and Vn>1 are defined in Fig. 2.2.
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2.2.2 Evaporation
Evaporation from the lake surface is computed in one step 
so as to reduce computational time. If evaporations are 
computed using initial reservoir storages only# then a 
systematic over-estimation of evaporation loanee will occur. 
This is because during most months reservoir outflows exceed 
inflows. For this reason the average storage during the 
month is estimated as followst

SCALC -    (2.2)

where SCALC ■ estimated average storage during month (m3xl06 ) 
- storage at start of month i (m3xl06)

SJ+1 - estimated storage at end of month i (m3xl06 )

and is given by;

^1+1 * ®£ * QINi — QOUT^ - ......( . . . . . . • • ( 2 . 3 )



% c
where QIN^ * total inflow during month i (m xlO >

QOUTt = total outflow during month i (excluding 
evaporation loss) (m xlO )

= total evaporation loss during previous 
month (m3xl06 ).

In order to compute the evaporation loss during the current 
month that of the previous month is thus used to approximate 
the average storage during the month. In this manner a long 
term systematic error in calculated evaporations is avoided.

Net evaporation during the month is computed as*

E 1 -  I P y - V  ■ T H O U . l A n . ( A n n - A n ) ■ ‘ f  A L C ~ S " N . .  ( 2 . 4 )

' n-tl“sn *
3 Cwhere ■ net evaporation during month 1 (m xlO )

PE^ ■ mean potential lake evaporation for month i (mm) 
= rainfall during month i (mm)

THOU = constant (■0,001)

2.2.3 Water demands
For each reservoir annual demands are read as input data 
and these are disaggregated according to a specified annual 
pattern. Monthly demands are thus given by:

D^ ■ PMONTH^.DEMj.10 ^ •••••»••••••••••••••••••(2*5)
3 6where » demand for month 1 (m xlO )

PMONTH^ ■ mean monthly demand as percentage of annual 
demand

DEMj ■ annual demand for year j (m3Xlo6 ).



2.2.4 Water balance equations
The water balance for the month is g l e n  by:

Si+1
+ QUPi + QCATi > CALLUt - - CALLD^ ...(2.6)

where S 1+1 = storage at end of month i (m xio )
QUP^ « total spillage from upstream reservoirs less

transmission losses during month i^(m xlO )
QCAT^ - catchment runoff during month 1 (m xlO )

CALLU. ■ call made on upstream reservoir during 
i 3 6month i (m xlO )

If as obtained by equation 2.6 is greater than SCAP# the
reservoir capacity, then the spillage from the reservoir,
SPILL (m3xl06 ) , is calculated as:

SPILL - Si+1 - SCAP ........................................... 1

and Si+1 is set equal to SCAP.

At the beginning of every month CALLU^ and CALLD^ are set 
equal to zero. Starting at the upstream end, the water 
balance equations for each dam are calculated. If S ^  as 
given by equation 2.6 is less than SUES, the reservoir 
reserve storage, then CALLUt is calculated as:

CALLU^ - SRES - S ^  ...........................................

and S 1>1 1* Bet e<Jual to SRES.
Starting with Welkom Dam, and working upstream, each reservoir 
is again examined. If CALLD^ (which is equal to CALLU^ for the 
next downstream dam) is greater than zero, then the water mass 
balance for the reservoir is re-calculated. If CALLD^ is equal 
to zero, then the next upstream reservoir is checked until the 
furthest upstream reservoir, Sterkfontein Dam, is reached.



2,3 Reservoir salt mass balance
At the beginning of each time step the reservoir is 
completely mixed to form a single cell. The aggregated 
inflow to the reservoir during the time step then forms 
a second cell at the upstream end of the reservoir. 
Assuming plug-flow through the reservoir two distinct 
cases may arisei 
Case I OOUTi < S t

1 CIN, I

i j 
OtNi 1 S(

ti S* + l , El, l®0uT|,

Fla . I J :  Ittmtwttow of Co m !

In this case COUT^, the salt concentration of the water 
leaving the reservoir (mg/1), is set equal to the 
reservoir salinity at the end of the previous month.

The reservoir salt concentration at the end of month 1» 
ci+l (m9/l), i® calculated as:

„ QIM1.CIM1+Ci (8i-QOOTl) ............... (2.9)
1+1 v — ---------- —

S i + 1
where CIN^ * average salt concentration of inflow to

reservoir during month i (mg/1)
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Case II
QOUTi > S L

r-
ClNj

- 1
GIN, , Si r

g 9*+$ ^  E|e QOUTi

Mo.2 .4 :  illu s tfo tio n  of C o t  g

In this case the salinity of the water leaving the reservoir 
is given by*

C 1 .S1 + CINV  ( Q O U^-S jl)
 -------------COUT, (2*10)

'he reservoir salt concentration at the end of the month is 
then calculated as;

c. . . CIM1 .CQIHi-(0OUT1-8t))  (2.11)
1+1     c '

si+l
The assumyvion implicit in equations 2.9 to 2.11 is that 
evaporation losses are deducted at the end of each time step. 
The volume of water remaining in the reservoir is usually 
very much greater than the outflow during a single time step. 
The error introduced by this assumption should therefore be 
insignificant.

2.4 Steady.state Vaal Barrage feedback element

This portion of the model is used to compute salt concentrations 
in the Vaal Barrage and in the PWV supply water. Steady-state 
conditions are assumed during the month. Inputs to the Vaal 
Barrage include releases from Vaal Dam, mine pumpage, catchment 
runoffs and effluent return flows from demand centres located 
south of the WitwatersranJ catchment divide. Water supplied tc 
users in the PWV region is abstracted from Vaal Dam and Vaal 
Barrage. The model also makes provision for possible future 
abstractions from the proposed Welkom Dam. In computing salt



concentrations, allowance must therefore be made for 
indirect recycling of effluent return flows via the RWB 
Vaal Barrage intakes.

Channel and irrigation losses are accounted for and provision 
is made for demineralisation of sewage effluents with, or 
without, direct reclamation. ('Direct' reclamation is here 
defined as the recycling of treated sewage effluent directly 
into supply in a controlled manner, as opposed to the pre­
vailing situation in which effluent returns are recycled in 
an uncontrolled manner via the Barrage intakes).

2.4.1 PWV region water supply
The PWV region has been divided into three distinct demand 
zones *

a) users north of the Vaal catchment divide;
b) users within the Vaal catchment downstream 

of Vaal Barrage;
and c) users within the Vaal catchment upstream of 

Vaal Barrage.

All three zones are supplied at present from Vaal Dam and 
Vaal Barrage with no significant direct reclamation. For 
the purposes of this model it is assumed that all users are 
supplied with the same mixture of Vaal Dam and Vaal Barrage 
water. Provision is made for the blending of water from the 
proposed Welkom lam into the PWV supply.

Fig. 2.5 shows the Vaal Barrage abstraction points. Under 
normal circumstances flows in the Vaal Barrage are from 
east to west, with the result that salt concentrations 
upstream of the confluence of the two tributaries draining 
the southern PWV region (the Klip and Suikerbosrand) are 
virtually the same as Vaal Dam water (viz. of the order of 
120 mg/1). Salinities downstream of the tributaries, however, 
are much higher due to the highly mineralised return flows. 
Reversals of flow occur in the Vaal river between the con­
fluence uf the tributaries and abstraction points 8 and 9 
when releases from Vaal Dam are restricted and when the 
Klip and Suikerbosrand are in spate.
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The distinct difference between water qualities upstream 
and downstream of the tributaries demanded adoption of a 
two-cell model for the Vaal Barrage. The Vaal Barrage cell 
configuration is shown in Fig. 2.6. In the diagram DA is 
the monthly demand totalled for all abstraction points 
upstream of the tributaries (i.e. intakes 8 and 9) while 
DB is that for all abstraction points downstream of the 
tributaries (i.e. intakes 1 to 7). The quantities of water 
to be abstracted from Vaal Dam, Vaal Barrage cell A, Vaal 
Barrage cell B and Welkom Dam during each year simulated are 
specified as percentages of the nut PWV demand. During any 
month simulated the demands made on each of the above sources 
are given by*

DV « DNET.PV.10~2 ..................................... (2.12)
DA - DNET.PA.10~2 ..................................... (2.13)
DB = DNET.PB.10~2 ..................................... (2.14)

and DW * DNET-DV-DA-DB ...................................(2.15)
where DV ■ demand on Vaal Dam during current month (m2%10*)

3 6DA ■ dem ...d on Vaal Barrage cell A (m xlO )
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DB ■ demand on Vaal Barrage cell B (m3xl06)
DW - demand on Welkom Dam (m3xl06)
PV - demand of Vaal Dam as percentage of net PWV demand
PA * demand of Vaal Barrage cell A as percentage of

net PWV demand 
PB = demand of Vaal Barrage cell B as percentage of 

net PWV demand 
DNET * net PWV demand during current month (m3xl06) 

and DNET is given by;

DNET - DPWVN - RECYN + DPWVB - RECYB + DPWVW....... (2.16)
where DPWVN * monthly demand in northern catchment (m3xl06)

RECYN * quantity of water directly reclaimed in northern
catchment (m3xl06/month)

DPWVB ■ monthly demand in Barrage catchment (m3xl06)
RECYB ■ quantity of water directly reclaimed in Barrage

catchment (m3xl06/month)
DPWVW - monthly demand in demand zone downstream of 

Vaal Barrage (m3xl06)

DPWVN, DPWVB and DPWVW are in turn given by:

DPWVN - >M0NTH1.ADPWVNr 10-2 ........................... .
DPWVB - PM0NTH1.ADPWVBj .10-2 ........................... .

and DPWVW « PMONTH^. ADPWVW^. lO-2............................ (2.19)
where ADPWVNj, ADPWVB^ and ADPWVW^ are annual demands in the 

northern catchment, Barrage catchment and the catchment 
downstream of Vaal Barrage during year j.

The salt concentration of the blended water supply CDNET (mg/1), 
is thus given by:

CDNET - PV'COUTV + DA.CA + DB.CB + DW.CWfl #_
DNET  ..(2.20)

where COUTV - salt concentration of water leaving Vaal Dam
during month (mg/1)

CA - salt concentration in Barrage cell A during 
month (mg/1)

CB - salt concentration in Barrage cell B during 
month (mg/1)

CW0 - salt concentration in Welkom Dam at start of 
month (mg/1)
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The salt concentration of water abstracted from Welkom Dam 
during the month may be approximated to that at the start 
of the month because of the plug-flow assumption used to 
solve the reservoir salt balance. Under most conditions the 
outflow from the reservoir during any given month is much 
smaller than the reservoir storage,(i.e. Case I of section
2.3 usually applies). The effect of feedback of effluents 
from the large reservoir of welkom Dam therefore becomes 
a long term effect and need not be considered when solving 
the Barrage salinity steady-state equations for a single 
month.

2.4.2 Bffluert return flows
For each of the three water demand zones it is assumed that 
a constant proportion of the water supplied is returned to 
the stream as effluent. For any month simulated the return 
flow quantities are thus given by:

ORB ■ PRETB.DPWVB.10~2 ............................ ..(2.21)
QRN - PRETN.DPWVN. 10"2 ...............................(2.22)
QRW = PRETW.DPWVW.1(T2  .....(2.23)

where PRETB, PRETN ar.d PRETW are the percentages of water 
supplied to users in the Barrage# northern and Welkom Dam 
catchments that are returned to the stream# and ORB# QRN and 
QRW (m^xlO6) are the corresponding monthly return flows.

Users in each of the three catchments are assumed to increase
the salt concentration of effluent water by a constant amount
above that supplied. Effluent salt concentrations are therefore 
computed as:

CRB - CDPWVB ♦ CADDB ..........     (2.24)
CRN - CDPWVN + CADDN ...............................(2.25)
CRW - CDNET + CADDW ................................(2.26)

where CRB# CRN and CRW are effluent salt concentrations in the 
Barrage# northern and Welkom Dam catchments respectively;
CDPWVB # CDPWV:; and CDNET are corresponding influent salt



concentrations? and CADDB, CADDN and CADDW are the 
corresponding increases in salt concentrations. All units are 
mg/1.

Referring to Fig. 2.6 it can be seen that by applying the 
principle of continuity CDPWVB and CDPWVN are computed as*

COPKVB . (DPWVB-RECYB^XDNET + RECYB.CRECYB.......

and CDPWVN - (S?.w v n - p e c v n ) . c d n e t ,4 r e c y n . c r e c y n .......

where RECYB and RECYN are water quantities directly reclaimed 
in the Barrage and northern catchments respectively, and 
CRECYB and CRECYN are the corresponding salt concentrations 
of the treated effluent.

2.4.3 Demineralisation and direct reclamation

The quantity of water reclaimed (i.e. the actual quantity 
re-introduced to supply) for each demand centre is specified as 
a proportion of the mean monthly demand for each year simulated.
For each year simulated an upper limit is set upon the quantity 
of water that may be directly reclaimed in the Barrage and 
northern catchments. These values, RCAPB and RCAPN (m3xl06/month), 
can thus be considered as being the reclamation plant capacities 
during each simulation year. Provision is made for deminerali- 
■ation of the recycled water. For each demineralisation works 
it is assumed that a constant proportion of the influent is 
bled off as brine).

In comouting the actual quantity of water reclaimed In the 
Barrage catchment two distinct cases may arise*

Case I t ORB a
(1-PLOSB.10 *)

RECYB - RCAPB .......................................(2.29)
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RECYB - QRB . (1-PLOSB.   ..................... ^2 *

wh.t. PLOSB - brine bleed-off for the Barrage catchment
demineralleation works as percentage 
Of influent discharge.

ln both =.... the brine bleed-off. BLOSB «m’ x lo ‘ , . i .  -liven by,

toOSB .PLpSB.RECYB...............................(J.3D
(100-PL0SB)

The actual quantity of water reclaimed in the northern catchment 
is computed in similar mannert

Case.-! : QRN - (i-pLOSN. 10*^)

RECYN - RCAPN ....................................U,32>

S M iJi * QRN a-PLosN.ioS
RECYN - QRN.d-PLOSN.lO-2) ....................... ' 5 1

where PLOSN - brine bleed-off for the northern catchment 
demineralisation works as percentage of 
influent discharge.

The brine bleed-off, RLOSN <m3xlo6 ) . is 9 iven by,

RLOSN - 71h§-ULoiNT ............................. (2"341

The assumption is made that the deminer.li.ation works reduce 
„ l t  concentrations by a constant percentage. The salt con­
centration. of recycled water in the Barrage and northern 
catchments, CRECYB and CRECYN, are then given by,

CRECYB - CRB. (1-PSUBB.10  .................. .
and CRECYN - CRN. (1 -PSUBN. 10*2).................. .



where PSUBB = percentage by which salt concentration is
reduced by the Barrage catchment demineralisation 
works (mg/1)

PSUBN = percentage by which salt concentration is
reduced by the northern catchment demineralisation 
works (mg/1).

The salt loads of the brine produced by the Barrage and 
northern catchment demineralisation works, LLQSB and 
LLOSN, are computed as:

LLOSB » CRB. (RLOSB + RECYB. PSUBB. 10"2)................. (2.37)
LLOSN - CRN. (RLOSN + RECYN.PSUBN. lo”2) ................. (2.38)

Prom equations 2.24, 2.25, 2.27, 2.28, 2.35 and 2.36 the 
steady.state values of CDPWVB and CDPWVN can be expressed 
in terms of CONST as:

CDPWVB - CPNET.(DPWVB-RECYB)+CADDB.RECYB.(1-PSUBB.10"2) <2.39)
DPWVB-RECYB.(1-PSUBB.lo”2)

and
CDPWVN - CPNET.(DPWVN-RECYN)+CADDN.RECYN. (1-PSUBN.10 )..(2.40)

DPWVN-RECYN.(1-PSUBN.10~2 )
If the desalination option is not required, then RCAPB,
RCAPN, PSUBB and PSUBN are set equal to zero.

2.4.4 Mine pumpaoe

The pumping rate, QMINE (m3xlo6/year), and the salt concentration, 
CNINE (mg/1), of water pumped from mine workings in the Barrage 
catchment are assumed to remain constant during each year 
simulated.

2.4.5 Catchment runoff

Monthly catchment runoffs, QB (m3xlo6), and average monthly 
runoff salt concentrations, CQB (mg/1), are read as input 
data to the model. These values are generated by program NACL01 
(Herold,1981a) or by program NACLM1 (Harold, 1980). Runoffs 
from all sub-catchments of the Barrage catchment are aggregated 
and treated as a single input and the tributaries draining 
the Barrage basin are idealised as a single river (see Pig. 2.6)



where PSUBB » percentage by which salt concentration is
reduced by the Barrage catchment demineralisation 
works (mg/1)

PSUBN = percentage by which salt concentration is
reduced by the northern catchment demineralisation
works (mg/1).

The salt loads of the brine produced by the Barrage and 
northern catchment demineralisation works, LLOSB and 
LLOSN, are computed as:

LLOSB « CRB. (RLOSB + RECYB.PSUBB. lO-2)..................(2.37)
LLOSN - CRN. (RLOSN + RECYN.PSUBN. 10”2)..............  (2.38)

Prom equations 2.24, 2.25, 2.27, 2.28, 2.35 and 2.36 the 
steady.state values of CDPWVB and CDPWVN can be expressed 
in terms of CDNET as:

CDPWVB ■ CDNET.(DrWVB-RECYB)+CADDB.RECYB.(1-PSUBB.IQ*2) (2 3g)
DPWVB-RECYB.(1-PSUBB.10*2)

and
CDPWVN - CDNET.(DPWVN-RECYN)+CADDN.RECYN.(1-PSUBN.10~2 )..(2.40) 

DPWVN-RECYN.(1-PSUBN.lo“^)
If the desalination option is not required, then RCAPB,
RCAPN, PSUBB and PSUBN are set equal to zero.

2.4.4 Mine pumpaqe

The pumping rate, QMINE (m^xl06/year), and the salt concentration, 
CMINE (mg/1), of water pumped from mine workings in the Barrage 
catchment are assumed to remain constant during each year 
simulated.

2 ‘4*5 Catchment runoff
Monthly catchment runoffs, QB (m3xlc6 ), and average monthly
runoff salt concentrations, CQB (mg/1), are read as input
data to the model. These values are generated by program NACL01 
(HeroId,1981a) or by program NACLM1 (Herold, 1980). Runoffs
from all sub-catchments of the Barrage catchment are aggregated 
and treated as a single input and the tributaries draining 
the Barrage basin are idealised as a single river (see Pig. 2.6)



The total Inflow to the idealised river reach, QVIN (m3xl06) 
is given by:

QVIN 88 QB + QMINE + QRB - RECYB • RLOSB.   (2«41)

The corresponding salt concentration, CQVIN (mg/1), is computed 
as:

CQVIN „ Q B . C Q B + Q M I N E M I N E +(QRB-RECYB-RLOSB).CRB ..,.(2.42)

2.4.6 Channel seepage losses
Water is assumed to be lost from the channel at a constant 
rate, BLOSS (m3xl06/month). The salt concentration of the 
water lost is taken as being equal to CQVIN (mg/1). Seepage 
losses are therefore assumed to occur before evaporation losses, 
i.e. at the upstream end of the river.

2.4.7 Irrigation losses
The irrigation application during any given month, QI (m xlO )»
is computed as:

QI ■ AIRRIG.(EB.FIRRIG-RB).THOU.........•••*•(2.43)
2where AIRRIG * irrigated area (km )

EB • mean monthly potential evaporation for 
Barrage catchment (mm)

FIRRIG *• irrigation demand factor
RB - rainfall during month on Barrage catchment (mm)

RB as used in equation 2.43 should in fact be effective rainfall 
(i.e. actual rainfall multiplied by a reduction factor) in order 
to account for the fact that precipitation is not predictable 
and therefore may on occasion follow a full irrigation appli­
cation. Furthermore, the rainfall is not evenly distributed over 
the month. It was not considered worthwhile incorporating such 
a factor in the equation, however, in view of the uncertainty la 
FIRRIG (e.g. little is known about the water requirements of



crops being cultivated in the region) and the uncertainty in 
AIRRIG (irrigated areas had to be estimated from maps and it 
is not known what percentage of the land would be lying fallow 
at any given time). The uncertainties would tend to bring the 
reduction factor close to unity.

If QI as given by equation 2.43 is negative, then QI is set 
equal to zero.

The salt concentration of water applied to irrigated lands 
is taken as CQVIN mg/1. Irrigation losses are therefore also 
assumed to occur at the upstream end of the river.
Monthly irrigation return flows are calculated as:

QIR ** Q I •PIQRET.10 .............#...................(2.44)
3 6where QIR * irrigation return flow (m xlO )

PIQRET ■ irrigation return flow as percentage of Irrigation 
application.

A constant percentage of the salt load applied to irrigated 
lands, PILLOS, is assumed to be retained, the remainder 
returning to the stream. The salt concentration of effluent 
return flows is thus calculated as:

COIR . 9I.CgVIN.,100-MLL0S,.10-2 ......................

2.4.8 Evaporation loss
Account is taken of the evaporation loss from the extensive 
vlel systems of the southern PWV region. Evaporation losses,
EVLEI (m^xlO6), are calculated for each month as:

EVLEI - AVLEI. (EB.FEV(AP-RB) .THOU ...........................(2.46)
where

AVLEI « average vlei water surface area during month (km) 
FEVAP ■ vlei evaporation factor 

and AVLEI is computed as:
AVLEI ® A1V.QCAL .(2.47)

where A1V and A2V are constants defining the discharge-area- 
relationship and QCAL (m3xl06 ) is the mean discharge in the 
channel which is approximated by:

QCAL = QVIN - \ (BL0SS-QI+QIR-EVLEIo )...................... (2.48
where

EVLEIq  = vlei evaporation computed for previous month.



2.4.9 Return flow to V a a ?. Barrage
The tributary input to the Vaal Barrage during each month 
simulated, RETURN (m3xl06 ), is calculated ass

RETURN - QVIN - BLOSS - QI + QIR - EVLEI....,.,.,(2.49)
and the corresponding salt concentration, CR (mg/1), becomess

CR . CQVIN.(QVIW-BLOSS-QI) + CQIR.J&IR .............(2.50)DirnPTTDM

2.4.10 Barrage mass balance
The Vaal Barrage is modelled as a two-cell reservoir, the 
boundary between the two cells being immediately downstream 
of the RWB Zuikerbosch intakes (intake No. 8 of Fig. 2.5).
The storage in the upstream cell is ignored for purposes of 
modelling water qualities. This assumption is well justified
for a monthly steady state model as the flow through this
portion of the Barrage even during a dry month is very much 
greater than the storage. (For instance, at Barrage capacity 
the storage of this cell is 4 ,6xlcAn3 # while the 1977/78 
average monthly abstraction from the Zuikerbosch intakes alone 
is 20,4 xl06m 3 ) . The storage effect of the downstream cell 
(48 xl06m 3 ), however, cannot be ignored.

The water mass balance for the entire Barrage reservoir is 
solved in a manner similar to that described in section 2.2,1.

Applying the principle of continuity to cell A (which has 
zero storage) allows QAB(m3xl06 ) , the discharge between 
cells A and B, to be calculated as:

QAB « QVB - DA........ ................................. (2.51)
where QVB (m3xlO®) is the release from Vaal Dam during the 
month.

2.4.11 Steady-state equations to rolve for Barrage salt 
concentrations

In solving for salt concentrations in the PWV region two 
distinct cases can arise, solutions for which follow:



Case I $ q a b  > o
In this case salt concentrations in cell A are independent of
those in cell b . The salt concentration in cell A is equal to
the concentration of water released from Vaal Dam. Thusi

CA » COUTV ................................................ (2.52)
Substitution in equation 2.20 yields:

CDNET * XI + Yl.CB ............... ................. ........(2.53)
where XI - COUTV. (DV+DA ) + D W . C W 0 ............................... (2.53a)DNET

Y1 ■ §fbr ................................................ (2.53b)
From equations 2.39 and 2.53:

CDPWVB - X2 t Y2.CB ......................................... (2.54)
Where X2 - X I . (PPWVB-RECYB)+CADDB.RECYB.(1-PSUBB.IQ*2) . . .

DPWVB-RECYB.(1-PSUBB.10’2 ) ........
Y2 . Yl.(PPWVB-RECYB__________

PPWVB-RECYB. (1-PSUBB. 10“2 ) ........................ (2.54b)
From equations 2.24 and 2.54:

CRB - X3 Y2.CB .........................................(2.55)
where X3 » X2 + C A D D B ...................... .................. (2.55a)
From equations 2.42 and 2.55:

COVIN - X4 + Y3.CB ........................................ (2.56)
where X4 - Q P .CQB+QMINE.CMINE+(QRB-RECYB-RLOSB).X3 .. ,QVIN .....  .......(2 .56a)

Y3 - (QRB-RECYB-RLOSB).Y2QVIN ...............(2* 56b)

From equations 2.45 and 2.56:
CQIR ■ X5 + Y 4 .CB ........••.•.•......,..,,,,,,,,,,,,,(2,57)

where X5 - ~ ^ 1‘ <q ^ " P1L0S) *10 2 ................... ........(2.57a)

Y4 . Y3.QI.UOO-PILOS).lQ~2
q i r      .....(2.57b)

From equations 2.50, 2.56 and 2.57:

CR - X6 ♦ Y5.CB ............................. ........... (2,58)
„„er. X6 -.............................. .........................

»  - I M Sy.N-BLOSS-,,, .......... .....................



The salt mass balance equation for cell B is given by:
CB1.SB1 - CB0.SB0.+CA.QAB+CR.RETURN-CB.DB-CB.QBW..(2.59)

where CB1 ■ salt concentration of cell B at end of month (mg/1) 
SBl • water storage of cell B at end of month (m xlO )
C B d  * salt concentration of cell B at end of previous 

month (mg/1)
SB0 - water storage of cell B at end of previous month

(m3xl06 )
QBW - discharge from Vaal Barrage to Welkom Dam during 

month (m3xl06 ).

Equation 2.59 hold, true provided that the steady-.t.te 
condition is attained near the beginning of the month.

For steady state condition, the salt concentration at the 
end of the month 1. equal to t-at during the month, I.e.
CB1 - CB. The unknown cell salinity, CB, can now be solved
from equations 2.58 and 2 e 59»

cb - iSi:Eg:uw%b:kL'iukN - ..........<2,60>
Case II QAB < 0

In this case the salt concentration of cell A is dependent 
upon that of cell Bi

c a  , £2yTV0g V 5 ^ C B 1SAB .............................(2.61)

Coefficients XI and Y1 of equation 2.52 now becomes

X1 „ COUTV. (DV+QVB) + CW0._DW........................(2.530

VI - ..........................................

Equations 2.54 to 2.58 remain unaltered, but the salt mess 
balance equation for cell B becomess

CB1.SB1 « CB0.SB0+CR.RETURN-CB.DB-CB.QBW+CB.tfAB.... (2.62)

Substituting CB1 « CB and using equation 2.58 yieldst

CB - .......................(,‘e11'



The salt mass balance equation for cell B is given by:
CB1.SB1 » CB0.SB0.+CA.QAB+CR.RETURN-CB.DB-CB.QBW.. (2.59)

where CB1 = salt concentration of cell B at end of month («g/l) 
SB1 = water storage of cell B at end of month (m xlO )
CB0 = salt concentration of cell B at end of previous 

month (mg/1)
SB0 = water storage of cell B at end of previous month

(m3xl06)
QBW = discharge from Vaal Barrage to Welkom Dam during 

month (m3xl06 ).

Equation 2.59 holds true provided that the steady.state 
condition is attained near the beginning of the month.

Fot steady-state conditions the salt concentration at the 
end of the month Is equal to that during the month, I.e.
CB1 - CB. The unknown cell salinity, CB, can now be solved
from equations 2.58 and 2.59:

c b  - ...........................................................................................................................

c a s e  I I  QAB < 0

In this case the salt concentration of cell A is dependent 
upon that of cell B:

CA - s a u i v ^ j j X L y B i a & B  ............................ (2.61)

Coefficients Xl and Y1 of equation 2.52 now become*
COUTV. (OV+QVB) + C W 0 . D W ......................... <2.S3c)

dK e t

..........................................(2.53d)

Equations 2.54 to 2.58 remain unaltered, but the salt mass 
balance equation for cell B becomes*

CB1.SB1 - CB0.SB0+CR.RETURN-CB.DB-CB.OBW+CB.UAB.....(2.62)

Substituting CB1 » CB and using equation 2.58 yields*

CB - .................

XI

Yl
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In the program, provision is made for simulating options where 
water supplied to users in the PWV region is composed of a 
blend of Vaal Barrage and Vaal Dam water proportioned in such 
a manner that the TDS concentration never exceeds a specified 
upper limit, CTARG (mg/1) , while at the same time maximising 
the proportion abstracted from the Barrage. This is achieved 
by initially setting PV, PA and PW to zero and PB to 100 per 
cent. If the salt concentration of the supply to the PWV 
region, CDNET, as given by the equation 2.20 exceeds CTARG, 
then new percentage abstractions from Vaal Dam and Vaal 
Barrage cell B are computed as follows:

,B . ioo. (CTggc; e a w ^ 1 ............................ .

where PB' - new estimate of PB(%)
CTARGX * target salt concentration set slightly lower 

then CTARG in order to reduce the number of 
iterations required to achieve a concentration 
lower than CTARG (mg/1)

and PV* ■ 100 - PB* .........     ..(2.63)

The water and salt mass balance equations for all reservoirs 
are then re-computed for the month using the adjusted PB and 
PV values. More than one iteration is often required because 
the changes in PB and PV can sometimes increase the value of 
CB.

2.4.12 Quality of water supplied to users between Vaal 
Barrage and Bloemhof Dam

Most of the Vaal river intakes providing water to users in 
this region are situated at a point in the Vaal river above 
which approximately 40 percent of the runoff from the inter­
vening Bloemhof catchment has already entered. For the sake 
of simplicity in the computation of dilution factors, it has 
been assumed that all transmission losses and irrigation 
abstractions are also centred on the same point.



The salt concentration of Vaal river water immediately 
upstream of the point of abstraction during each month 
simulated is thus given by:

CDWD „ R W .COUTW+ PCWTV L .Q B L .CQBL. 1 0 ~ A .............. (2.66)
RW-f-PCWTVL.QBL.10™

where CDWD * salt concentration in Vaal river at point of 
abstraction (i.e. supply TDS to users down­
stream of the potential Welkom Dam site) (mg/1)

RW ■ total release from Welkom Dam (m xlO )
COUTW = salt concentration of water leaving Welkom Dam 

(or in the Vaal river at this location for 
options in which Welkom Dam does not exist)
(mg/1)

PCWTVL * percentage of Bloemhof catchment runoff entering 
the Vaal river upstream of the intakes (approx­
imately 40 percent)

QBL * catchment runoff between Welkom Dam and Bloemhof
Dam

CQBL ■ average monthly TDS of runoff from the Bloemhof 
catchment (mg/1)

The quantity of water entering Bloemhof Dam during the 
month, QINBL (m3xl06 ), is computed as:

QINBL ■ RW + Q B L - D W D   .......  ..,(2.67)
where DWD - total of all abstractions and transmission ^

losses between Welkom Dam and Bloemhof Dam Cm xlO 1

Finally, the salt concentration of water entering Bloemhof 
Dam, CQINBL (mg/1), is given by:

CQINBL - ***COUTW+QBL.COBL-DWD,CDWD................. (2.68)
QINBL



3.1

CHAPTER 3 : MODEL APPLICATIONS

This chapter demonstrates the versatility of the model and 
describes how it can be used to compare the merits of various 
pollution control strategies. Section 3.1 gives suggestions as 
to the criteria by which ameliorative measures can be 
objectively compared, while in section 3.2 initial comparisons 
are drawn among the various options that have been suggested.
It must be stressed that the comparisons made in section 3.2 
are merely preliminary and should not be allowed to eliminate 
any of the options. A much more rigorous analysis has yet to 
be performed, including testing the options against many other 
hydrological sequences, detailed investigations of the water 
resources (which are beyond the scope of this report) and 
feasibility studies, including costs of implementation#of each 
option. Moreover, the assumptions made regarding reservoir 
operating rules and projected water demands have to be checked.

0  The simulations described should therefore be regarded as no
more than examples of how the model can be used.

3.1 Suggested criteria for the comparison of pollution 
control strategies

The output from the model comprises a simulated record of 
monthly reservoir storages and monthly TDS concentrations in 
each reservoir and in the water supply to various demand 
centres for any given sequence of hydrology and demand pattern.

The basic philosophy behind hydrological modelling is that the 
hydrology (in particular the rainfall patterns) observed over a 
sufficiently long period of the past are representative of 
what may be expected in the future. If this assumption is 
made# and provided the hydrological record is long enough, the 
system can be simulated for several hydrological sequences#thereby



facilitating the estimation of the probability of the 
occurrence of various events. In a water resources study the 
"event" for which an estimation of the probability of 
occurrence is required would be the failure of a reservoir to 
meet a specified demand . In the present study, however, we are 
more interested in the likely salt concentrations in the water 
supply.

TDS concentrations can be presented in several different forms. 
In the first instance, a time series of monthly concentrations 
can be plotted (see, for example, Fig. 3.3). Such a r 1r,t (or 
series of plots for different hydrological sequences) is, 
however, extremely difficult to interpret. A more convenient 
means of expressing the data is the cumulative frequency (or 
duration) curve, an example of which is given in Fig. 3.4. 
Several different duration curves can in fact also be compiled. 
Fig. 3.4 is a duration curve for one particular 20-year 
sequence of hydrology (1914/15 to 1933/34) corresponding to 
projected demand conditions for the period 1980/81 to 1999/2000. 
If several such simulations were to be run, using other hydro- 
logical sequences as input data, it would be possible to 
compile a duration curve for each of the demand years 1980/81, 
1981/82...., 1999/2000. Fig 3.1 shows how such a set of
duration curves could be used to estimate the most likely 
exceedance levels for a given option over the next 20 years.

Representations of the monthly TDS concentrations, such as 
those shown in Figs. 3.1 and 3.4, are much easier to interpret 
than Fig. 3.3. Difficulty still remains, however, in placing a 
value upon the improvement in water quality achieved by any 
given ameliorative measure as opposed to that resulting from 
other options. Of what significance, for example, is the 
difference in the distribution of TDS concentrations reflected 
in Figs. 3.4 and 3.10 (i.e. options 1 and 3A)7

With this problem in mind the Water Research Commission 
appointed Mr. J J c Heynike to conduct research into* the 
economic costs to users in the PWV region of different TDS 
concentrations in the supply water. Various industries and
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local authorities were asked to produce a break-down of costs# 
both running (including such factors as corrosion# additional 
water# power costs and additional chemicals) and capital (such 
as additional plant and increased reservoir storage). The 
costs to private householders were also estimated (e.g. 
electric geysers# pipework replacement# detergents and reduced 
life of washable fabrics).

Estimates of marginal costs as outlined above were estimated 
••Burning increases in TDS concentrations from the present 300 
mg/1 to 500-600 and 800 mg/1 respectively. The marginal costs# 
as estimated by Heynike (1980) are tabulated in Table 3.1.
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Table 3.1 i Marginal coats associated with dissolved solids 
in water supply (millions of rands)

kverage TDS (mg/1) 500-600 mg/1 800 mg/1 |

P"’” 1* eo^  ll £ X A  ™ “ 8t at
Private household (European)

" " (other)+
19,5
15,0+

40,0*
22,0+

Local authorities (corrosion in 
distribution network) 0,3 1,1

Industry and power stations 
(0 » M )

Sub-total

25.1* 35.1
59,9 98,2

Caoital costs (additional plant and 
reservoir storages, etc)
Water supply authority (RWB) 
(Additional plant capacity) 4,6 11,4

Industry and power stations 
(Capital costs)
(Additional reservoir capacity) 

Sub-total

14,9* 
1.2 _

20,9 
2.9 _

20,7 35,2

Total 80,6 133,4

• Revised figure (Heynlke, 1981)

♦ m i ,

d The split between capital and running costs was assumed to 
be the same as for the 800 mg/1 level, i.e. running costs 
were taken as being 62,7% of the total cost to industries 
of R40 million estimated by Heynlke (1980).

i
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The costs given in Table 3.1 are total annual costs to 
users in the PWV region for the 1980 level of demand (I.e. 
874 x 106m 3 p.a.). The total costs were then expressed 
as expenditure per million cubic metres of water supplied 
and are given in Table 3.2.

Table 3.2 : Marginal costs per million cubic metres 
ot water consumed (ran* * m3t

Average TDS
(mg/1)

running cost capital cost total
cost

100 -59,7* -20,3* -80,0
300 0 0 0
425 37,3* 12,7* 50,0
550 68,5 23,7 92,2
675 93,5* 32,9* 126,4
800 112,4 40,3 152,6

1000 142,6* 52,1* 194,7

* These values have been interpolated using a second 
order equation 

+ These values have been extrapolated linearly.

The costs given in Table 3.2 are plotted In Pig. 3.2.

It is of importance to note that there Is a difference 
between the manner of calculating running costs and that 
of capital costs.

Running costs can be estimated by simulating one or more 
representative hydrological sequences for a given set of 
demand conditions and then computing the coat incurred In 
each month as follows:
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3 . 7

CR.i,j “ Dl,j,RR T̂DSi, ....................   (3.1)

where CRi#j " running cost Incurred in month j of the
tth year simuLtted (rands x lo3)

Dl,j e water demand in month j of the ith year 
simulated (m3xlo6)

RR(TDS1#j)- cost per million c tbic metres of water
consumed given an average monthly TDS of 
TDSi,j mg/1 (obtained from Fig. 3.2) 
where TDS^  ̂ is the e ,rage TDS during 
month j of the ith year simulated

This cost can then be expressed as an equivalent present 
value capital costirR

™ 1 , 3 ” (~ ^ i  (r*nds x 103)...................(3.2)

where PVl#j - present (1980) value of the running cost
incurred in month j of year i 

I * interest rate (%)

The total present value running cost for the entire period
simulated can then be expressed as a present value annual 
cost as followst

"(1+1) -1  (3.3)

where AR * annual present value running cost (randsxi o3)
n ■ total number of years simulated
N ” number of years over which the costs are

to be discounted.

The above approach, however, cannot be used to estimate the 
capital investment costs to users of the water because there 
are no capital cost savings during months when the TDS 
concentrations drop below the level for which the plant was

AR



designed. In order to assess the capital costs during 
each demand year it is necessary to establish the most 
probable average TDS to be expected in that year. This 
can be achieved by running each option for several hydro- 
logical sequences and then computing the mean TDS for each 
demand year. The capital cost incurred in each year can 
then be estimated as the Incremental change in the marginal 
capital cost for the year (i.e. care must be taken not to 
re-invest erroneously the entire marginal cost for each year)•

The procedure involved in computing incremental capital costs 
is complex and is best demonstrated by means of an example.
Let us consider a hypothetical option which results in most 
probable average annual TDS concentrations during the next 
4 years as indicated in Table 3.3. Projected annual demands 
(see Appendix A) are also given in Table 3.3.

Table 3.3 s Hypothetical average annual TDS concentrations

year 1980 1981 1982 1983 1984

average TDS 
(mg/1) 300 400 450 350 400

annual demand
(m3xl06) 874 916 959 1005 1052

Incremental cost during 1981

Plant already exists to cope with 874 x lÔ m** at 300 mg/1,
The Incremental cost for the first 874 x 10®m^ is thus calculated
as:

Cost = (r c (400) - RC(300)).874.10*3 (million rands) 
where RC(400) and RC(300) are the marginal capital costs 
corresponding to average TDS concentrations of 400 and 300 mg/1 
respectively (see Fig. 1). 
i.e. cost = (10 - 0).874.10"3
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