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Station C2M14: C2Ml4 is a low level weir located in the Taaibos-
spruit 12 km from its confluence with the Vaal river. The water

level record is long and reliable, but the weir has been rated
only for low flows. The Taaibosspruit catchment is extremely flat

and contains 13 km? of vlei.

Fig. 3.24 is a plot of modelled ani observed dailv discharges for
the period September 1970 to August 1978 and Fig. 3,25 shows the
duration curves for the same period.

From Fig. 3,24 it can be seen that the observed base flows usually
cease entirely soon after the end of the rainy season. Furthermore,
it was found that even heavy rajniall events produce little or no
runoff during the early part o’ th¢ wet season. Although the weir
is not rated for high flows i‘ an be inferred fiom the water

level record that severe floods do occur later in the wet season
(for example, at the end of December 1977 a peak water level of
4,80m was recorded at C2M14 while the maximum rated discharge is
8,94 m®/s at a level of O,76m). Midgley (1978) estimates the 10-year
recurrence interval flood peak at 174 m'/s.

In order to model this catchment it was therefore necessary to
assume high infiltration rates (in order to absorb the early rains)
together with a relatively shallow soil moisture storage.* The
result of this choice of model parameters is that most of the
earlier storms are absorbed, yielding little runoff, but the model
will generate large floods later in the wet season when the soil
moisture storage nears capacity. These assumptions are reasonable
for a very flat catchment such as that of the Taaibosspruit where
much of the rainfall is likely to be caught in surface depressions
from where it has ample time to infiltrate into the soil., The flat
gradients will also increase the contact time of surface runoff and
thus enhance infiltration. The assumption of small soil moisture
storage is also compatible with a flat catchment, where poor drain-
age is likely to result in a water table near the surface.

* Prom Table 3.1 it can be seen that for catchment number 10 both
SL (250 mm) and SE (300 mm) are large relative to ST (400 mm).
This confines soil moisture fluctuations to within the rather
shallow range of 150 mm. The high SL value alsc causes modelled

base flows to dimin‘sh rapidly. &
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Inability to register even moderately high discharges at the
gauges results, as is to be expected, in a low significance factor
(see Table 3,3) and the modelled mean and standard deviation are
consequently very much higher than the observed values. Little
could be done to improve the calibration because of the truncated
runoff record. It was deemed nnwise to attempt to obtain a good
fit for the range of flows which have been recorded as this would
most likely result in under-estimation of the flood peaks due tc
the poor significance of the data sample (see section 3.1).

Ll

Barrage Wall: A long, reliable record of daily discharges from

the Vaal Barrage is available. This record was used ar a final
check on the modelled discharges from the four tributaries draining
the southern PWV region. The check was made by adding the modelled
discharges to measured daily releases from Vaal Dam, subtracting
known Barrage absiractions and comparing the resulting daily dic-
charges with the observed Barrage relcases. BStorage attenuation
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effects in the Vaal Barrage were thus ignored. This assumption
is not unreasonable when it is considered that the Barrage is
normally operated in such a way as to maintain the water level as
nearly constant as possible.

Fig. 3.26 is a plot of modelled and observed daily discharges for
the period September 1970 to August 1978 while Fig. 3.27 shows the
corresponding duration curves.

As can be seen from Table 3.3 and Figs. 3.26 and 3.27 an excellent
£it has been obtained. The percentage error between the modelled
and observed mean discharges giver in Table 3.3 is 1,1 percent.

It should be noted, however, that during the eight year period
simulated the contribution of the modelled tributaries to the
barrage was only 27,7 percent of the total inflow, the remainder
being derived from Vaal pam. Thus if the entire closing error is

attributed to modelling deficiencies then the error in the modelled

mean cetchment runoff becomes 3,6 percent which is well within
the accuracy with which the discharges can be measured. It might
have been possible to improve the fit still further by adjusting
the model parameters for subcatchment number 11 in such a way as
to produce considerably more runoff. This course of action was
rejected, however, on the basis that the required extreme catchment
parameter values cannot reasonably be justified in terms of any
known geological or other catchment feature. Furthermore, even
small inaccuracies in the estimation of large flood discharges
from Vaal Dam and Vaal Barrage could easily account for the en-
tire 1,1 percent closing error.

3.2.2 Water ) "ity modelling

Best-fit water quality parameter valu : used in programs NACL3l
and NACL@2 for each of the twelve subcatchments are given in
Tables 3.4 and 3.2, Statistical properties of modelled and ob-
served salt concentrations and salt loads are given in Tables
3.5 and 3.6. Figs. 3.28 to 3,38 are plots of modelled and ob-
served daily salinities and salt loads at the water quality moni-
toring points shown in Fig. 3.2 for the period September, 1977
to August, 1978, '
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~able 3.4: Water quality parameters used in program NACL@]

F Subcatchment numbar
asammter
l 1 2 3 4 m s . 7 1 ’ 10 1
™ $7 7| 11 52 30 ) 12 11 11 15 “ 164
AR {~0,0007|~0,0008 |-0,0007|~0,0007 |~0,0007 |-0,0007 |~0,0010|-0,0010}-0,0010{~0,0020|-0,0007 {0, 0007
PARR 0,070 | 0,109 | 0,140 | 0,060 | 0,035 | 0,060 | 0,0187] 0,0187| 0,0187] 0,040 | 0,040 | 0,170
ALTU T 188 210|176 120, a3 0 o] aso] 200 of 214
AW |-0,0100[-0,0100~0,0100|-0,0200{-0,0150]-0,0100}-0,0100|-0,0100|-0,0100]|-0,0100-0,0100|-0,0100
PARY 0,800 | 1,000 | 1,200 | 1,000 | 6,800 | 1,200 0 o| 0,400 | 1,200 ol 1,200
poEPS 0,90 | 0,90 | 0,90 |o0,88 | 0,88 |o0,90 |0,9 [0.90 | 0,9 |o0,90 |o,00 |o0.90
oNCS s0{ 93| 10%9| 7130 433 sa6{ 167 21|  1s¢ 7170| 440 604
ONCBG 10 10 10 10 16 10 . . . 10 10 10
INTM 0,90 | 0,9 | 0,90 |o,68 | 0,65 | 0,90 |o,88 | 0,80 | 0,90 | 0,60 | 0,60 | 0,90
APARG 0 0 0 ) 0 ) ) ) 0 ) 0 0

In calibrating the water quality parameters it is often possible
to obtain a good fit between modelled and observed salt concen~

trations while that for salt loads is poor, or vice versa.
therefore, & compromise has to be reached.

Often,
When the runoff record
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is suspect and the significance factor low (see Table 3.3), or §

where no record exists (=uch as at station Sl), then the greater f
emphasis has to be placed upon the salt concentrations. In such l e
cases the model parameters have been adjusted in such a way as to 5

obtain a good fit between modelled and observed salt concentrations ‘ 4
during the more significant modelled runoff events. This method \
2 of calibration should result in a re:sonable estimate of the total
; salt load provided that the modelled discharges are sufficiently
accurate.

Where “he runoff record is good every effort has been made to
: optimise the load fit, particularly during flood events. For ,
g?" many of the catchments the base flows (and hence the base loads %
" | and salinities) are dominated by point flows over which the model B
parameters have little control.

Calibration results for each monitoring point are discussed in
the following paragraphs.

Station K10: Successful calibration of the water quality model
paraneters is to a large extent dependent upon the accuracy with
which the rainfall-runoff processes can be modelled. The poor
runoff record at K10 therefore militated agains: good calibration
of the water guality parameters. The same paucity of streamflow
data made it impossible to optimise the fit between modelled and
observed salt loads. An attempt was therefore made to achieve a
good fit between modelled and observed salinities, particularly
during the larger floods, such as those during January, February
and March of 1978 (see Fig. 3.28). From Fig. 3.28 it can be seen
that the modelled base flow TDS and the corresponding salt loads

A , are considerably higher than those observed. It proved impossible
? : to improve on this, however, because most of the base flow is com=-
posed of effluent discharges from the Johannesburg sewage works.
Monthly effluent sialt concentrations are used as input to the
model (hence the monthly steps in the modelled salinities which
may be seen in Fig., 3.28), hut these values are based upon only p
three or four samples in each monih and are therefore not true
mohthly averages. Part of the sewage effluent is also used for
irrigation, but records of application rates and return seepages
were not available and had to be estimated on the basis of the "
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Table 3.5: of modelled d
TDS for the eriod 1977.09 - 1978,.08 (units: mg/%

Station{Sample| Observed Modelled Linear

Tributary jnumber | size - - correlation| SF
X S X s coefficient

ylip river K10 354 571,9 85,3 717,41186,9 0,594 0,994
N8 3ol 1225,1 234,9 11211,8]256,8 0,782 0,974
R6 345 1409,2 309,8 [1296,5]281,1 0,826 0,988
CaMls 358§ 847,9 148,9 898,85222,9 0,840 0,993
uikerbosrand}B9 51 |1185,7 | .417,5 {1137,9 492,1 0,893 0,989
BlO as4 89s%,2 374,13 799,6]329,8 0,7%0 0,943
sl aso 154,7 6,8 146,3] 14,5 0,171 0,998
C2M04 358 597,3 | 264,4 | 510,6(223,6 0,438 0,919
etspruit C2MO5 355 871,9 | 286,3 | 937,8]281,2 0,788 0,998
asibosspruic|C2M14 40 645,4 390,6 387,71109,9 0,536 0,842
a8l river 2B 365 20%,0 98,5 211,3} %0,0 0,882 1,000
vi 368 511,9 195,0 587,81267,8 0,870 1,000
2 368 469,1 174,4 546,4]242,4 0,852 1,000
Rarrage] 364 475,2 173,3 444,91162,7 0,964 1,000
i _.-d-—-—-;-

'
i
{
i
|
i
k)
A
4
J

S I S SN P

Table 3.6: Statistical properties of modelled and ob d 1
Toads for the year 15977.09 to 1578. 08 lunitgt Ezgg

Station |Sample Observed Modelled
Tributary |number | size -
-4 ] X 8
R

K10 224 250,4 75,6 | 338,7] 108,8

N8 243 319,9 141,2 319,7{ 163,31 0,67 0,934

R6 179 3%6,3 80,7 | 410,5] 208,5] 0,168 0,696

CaM1S 42 411,0 76,1 | 509,6| 16%5,0f 0,518 0,087

Jutkerbosrand |89 43 8,3 | 25,2 | 72,9] 41,3] o,348 0,134

117 126'5 1’0'6 73,7 83'1 002‘3 'CHO’I
kY ) 306,7 667,2 363,8 899,8 0,801 O,’?il
326 134,1 | 195,6 105,0( 180,8] 0,648 0,%44
76 2,7 7,3 13,4 8,0 0,637 Q,428
364 1972,3]4728,6 1982,4|4615,8 0,914 1,000
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area of land unacr irrigation, For the dry season of 1978 the
observed TDS values for the point inputs to the stream ware con=
siderably higher than that at K10, This is most likely due to
inaccuracies in the effluent salinity record. The model fit could
2 have been improved by assuming substantial bed seepage losses be-~
f', tween the sewage inputs and station K10 (of the order of 2 m’/s
? within the space of 30 km) together with an equally large hase
flow input from the surrounding catchment in order to achieve the
‘ necessary dilution and flow volumes. Such highly inconsistent

; assumptions are obviously untenable and therefore no further
: attempt was made to improve the fit.
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Station N8: Base flows at N8 are dominated by saline shaft water
pumped from the ERPM gold mine, together with municipal effluents.
It was found that the effluent discharges exceeded the measured
base flows at N8. An earlier attempt to reduce base flows by in-
creasing the vlei evaporation parameters failed because this led
to unacceptably high modelled salinities. It was therefore necess-=
ary to specify a small bed seepage loss (10 Ml/d) from the upper
reach (reach number 2 of Fig. 3.3) of the Natalspruit. As can

be seen from Tables 3.5 and 3.6 and Fig. 3.29 a good fit has been
attained between modelled and observed salt loads and concentra-
tions.
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Station R6: As with station N8 the base flows at R6 are largely
derived from mine pumpage. The poor discharge record, however,
precludes accurate modelling of salt loads. The calibration was
therefore based on the fit between modelled and observed daily

salt concentrations, especially during flood events (see Fig. 3.30),
Modelled salt concentrations during the dry season of 1978 are
lower than those observed. This could not be improved upon, how-
ever, as the base flows are composed mostly of point source efflu-
ents which are poorly monitored. Fig. 3.30 and Table 3.5 display

a reasonably good fit between modelled and observed TDS.
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Station C2M15: The virtual absence of streamflow records makes

a direct comparison between modelled and observed salt loads im-
possible. From Fig. 3.31 it can be seen that reasonible agreement
has been achieved between modelled and observed salt concentration
during the wet season, but the modelled salinities tend to be too
high during the dry season of 1978. This latter effect is due to
the previously discussed shortcomings in the record of sewage
cffluent entering the Klip river upstream of monitoring point K1l0.
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Station B9: Although the daily TDS sample size is small, it can
be seen from Table 3.5 that the significance factor is high.

This is due to the attenuating effect of the lakes which obviates
the necessity for more frequent water quality sampling. The sig-
nificance factor for salt loads is low, however, because of the
break in the flow record during the most significant flow event
of the year (see Fig. 3.32). A reasonably good fit was achieved
between modelled and observed salt concentrations, although the
modelled concentrations failed to rebocund rapidly enough after

the floods of early 1978.
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Station BlO: Comparison of modelled and observed salt loads is
rendered meaningless by the defective flow record. Although the
salt concentrations of Fig., 3,33 are in close agreement during the
major flood evants, there is no guarantee that a good estimate of
the total salt load has been made because of the uncertainty of

the modelled discharges. The nearest reliable streamflow recorder
is at station C2M7C, but the record there cannot be used to verify
the modelled discharges /+ Bl0O because the greater portion of the
Suikerbosrand catchment lies between the two stations.
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The poor fit between modelled and observed salinities during the
first four months of the -simulation is attributable to uncertainties
in the geometry of the vleis upstreacm of Bl10. During low flow
conditior.s evaporation has a crucial effect on salinities. It was
found during calibration that even a small change in the assump-
tions as to the vlei cross-sectional properties, such as a slightly
deeper channel, had a profound effect upon salt concentrations.

The water gquality parameters for subcatchment 4b were therefore
adjusted in such a way as to produce a reasconable fit between
modelled and observed salt loads at station C2M0O4 where the record
of observed daily salt loads is nearly complete.

Station S1: Subcatchment number 8 is virtually undeveloped and
as a result the salinities are exceptionally low. It is evident
from Table 3.5 and Fig. 3.34 that the standard deviation of the
modelled daily salt concentrations is considerably higher than
that of the observed values. This is due to a number of factors.
In the first instance the assumptions made in the washoff model
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Fig.3.34: Modelled ond observed doily TDS at station 8§ for period
I977-09 - 1976-08.
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make a certain amount of dilution during high discharges inevit-
able. The cbserved salinities, however. are remarkably constant,

-~ even during the highest discharges. Modelling is further compli-

cated by uncertainties in the geometry of the large vleis upstream
of Sl.

pParameter adjustment was concentrated on achieving as close a fit
between modelled and observed salt concentrations during the larger
floods as possible.

The poor fit should not adversely affect the overall modelling of
the Suikerbosrand because of the relatively low salt concentrations
involved.

Staticn C2MO4: The salt recharge rates for subcatchments 6 and 7
were set equal to those calibrated for subcatchment 8 because all
three catchments are sparsely populated and undeveloped. Water
quality parameters for subcatchment 4b were then adjusted to obtain
a reasonable fit between modelled and observed daily salt loads at
station C2M04. From Fig. 3,35 it can be seen that a good fit was
achieved between modelled and cbserved daily salt loads. The ex-
ceptionally high modelled salt concentrations in September 1977

are due to concentration through evaporation of very small modelled
discharges, which as can be seen are less than 0,1 m'/s. The salt
loads involved, however, are insignificant. The modelled mean
daily salt load given in Table 3.6 is 18,6 percent lower than
that cbserved. This error was not removed by adjusting the water
quality parameters because for the year simulated the modelled
discharges are also 17,8 percent higher than those observed. (The
purpose of the model calibration wis not merely to obtain the best
£it possible for a single year, but to arrive at model parameter
values which would also be applicable to other hydrological se-
quences. Had the observed discharges for the year 1977/78 been

19 percent higher then the salt load washed off the catchment

would also have been higher, although not by as much as 18 percent).

gtatica C2MOS: From Fig. 3.36 and Table 3.5 it can be seen that
a reasonably good fit has been obtained between modelled and ob-

ssrved salt loads and salt concentrations. Table 3.6, however,
shows that the modelled mean daily salt load is 21 percent less
than that observed. This is brought into perspective, however, by
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the fact that the modelled discharge during the year 1977/78 was

35 percent lower than that observed (the error for the period

1970.09 - 1978.08, calculated from Table 3.3, is less than one

A percent). To compensate for the error in the modelled discharges

? for this one year by introducing a compensating error in the salt

f storage recharge rates would lead to unrealistic values which would

7 not be applicable to other hydrological sequences. 1I1f, for ex-
ample, the salt recharge rates were increased by 21 percent in
order to improve the fit for the period 1977,09 to 1978,08, then

\ a simulation of the perind 1970.09 to 1978.08 would yield exces-

b f sive salt loads. 1In circumstances such as these, where the

| mode) led discharges differ markedly from those observed, it .s

' difficu.t to calibrate the water quality parameters which control
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the salt recharge rate because the salt load washed off is a
function of both the discharge and the salt storage. The salt
storage is in turn dependent on the antecedent conditions.‘ De-
pending, therefore, upon the relative magnitudes of the salt
storages and the recharge rates, the water quality parameters
should be adjusted so that the modelled salt load at C2MO5 for the
period 1977.09 to 1978.08 is somewhere between O and 35 percent
less than that observed. The choice of the salt recharge rate
parameters for subcatchment number 9 is therefore somewhat sub-
jective and has a rather wide margin of error associated with it.
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Station C2M14: Both streamflow and water quality data are ex-
*“‘tramaly sparse as is reflected by very poor significance factor

for observed salt loads in Table 3.6. The choice of water quality

parameters for subcatchment number 10 was therefore rather arbitrary.

Although the catchment is urdeveloped and sparsely populated, it

was thought likely that atmospheric polliution from the nearby petro-

chemical industries and power stations gsituated in subcatchment

number 11 could enhance the salt generation rates. The pervious

surface recharge rate BPARR was therefore set somewhat higher than

that used for the other undeveloped catchments (subcatchments 6, 7

and 8).
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Barrage wall: Subhcatchment number 11 was calibrated using the
record at the Vaal Barrage wall., Obviously the model parameters
for this catchment contain implicitly the accumulated errors in

the modelling of all the other subcatchments. The comparison
between modelled and observed values was made by means of a one-
dimensional cell-type level-pool model of the Vaal Barrage des-
cribed by Mileikowsky (1980). Input to the Barrage model compris-
es daily discharges from Vaal Dam (in this case observed values)
and in the four major tributaries of the Vaal Barrage (in this case
modelled values) along with the associated daily salt concentrations.
Monthly abstractions from each of the nine Vaal Barrage intakes

are also specified. Washoff from subcatchment number ll was
assumed to enter the Vaal Barrage at the mouth of the Taaibos-
spruit. Model parameters for subcatchment number 1l were ad-
justed until a good fit was obtained between modelled and observed
daily salt loads passing downstream at the Barrage. From Pig.

3.38 and Tables 3,5 and 3.6 it can be seen that an exceptionally
good fit was achieved.

Details of modelled and cbserved salt concentrations at the Rand
Water Board intakes are also given in Fig. 3.38 and Table 3.5.
Generally the fit is good, except for the dry sesson of 1978 when
the modelled salinities at the Zuikerbosch intakes are too low
while those at the two Ve:r-:eniging intakes are too high. This
can be partly explained by the very pronounced stratification of
the Vaal Barrage between the Zuikerbosch intakes and the Sujiker-
bosrand mouth (Mileikowsky, 1980). Whenever the Vaal Dam dis-
charges are small relative to the inflow from the tributaries,
water is drawn upstream from the tributaries to the Zuikerbosch
intakes resulting in a sharp rise in salt concentrations (Vaal Dam
salinities are low, of the order of 120 mg/t). This upstream
advection is enhanced due to the acffect of the stratification
which allows the less saline water from Vaal Dam to move over the
denser saline water which is moving upstream. The Barrage model,
however, assumes complete mixing within each of its 57 cells and
thus cannot duplicate the stratification effects and consequently
models less salt being drawn into the Zuikerbosch intakes. The
intakes upstream of the Klip and Suikerbosrand draw sixty percent
of the water pumped from the Vaal. As the modelled salt load
drawn off upstream of the major tributaries is too little, it is
inevitable that the modelled salt load passed to the downstream
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Vereeniging intakes will be too high.

The high modelled Klip river base flow salinities (Fig. 3.31) will
also result in modelled salinities at the Vcreeniging intakes being
too high. What is not clear, however, is the contradiction be-
tween the salinities at the Vereeniging intakes and those at the
Barrage wall during the dry season where the modelled salt concen-
trations for the former are too high and those of the latter
slightly too low. It is possible that the error in the modelled
Xlip river base flow salinities (which are too high) are compensated
for by a similar underestimation of the base flow salt loads
entering from the Rietspruit, Taaibosspruit and catchment number

11 (all of these inputs enter the Vaal Barrage downstream of the
Vereeniging intakes).

Apart from the winter season, the fit between modelled and ob-
ssrved salinities is highly satisfactory. The two major tribu-
taries of the Vaal Barrage, the Klip and Suikerbosrand, have their
confluence between the Rand Water Board Zuikerbosch and
Vereeniging No. 1 intakes. The salinities occurring at these two
puints are therefore indicative of the accuracy with which the two
tributaries have been modelled. The good agreement between mod-
elled and observed salt concentrations in the wet season, during
which the greater part of the salt load enters the Barrage, there-
fore serves as a confirmation of the adequacy with which the model
parameters have been evaluated.

Fig. 3.39 is a duration curve of modelled and observed daily salt
loads released at the Barrage wall during the year 1977/78., It
should be noted that 40 percent of the water ard 72 percent of the
salt load entering the Barrage during this period was derived from
the modelled catchments, the remainder coming from Vaal Dam. Only
44 percent of the salt load derived from the catchments comes from
point inputs, the remaining 56 percent being derived Zrom diffuse
sources. The diffuse-source contribution of the southern PWV
catchment to the total salt load entering the Barrage is therefore
40 percent, nearly all of which is washed off in the wet summer
season. The modelled washoff salt loads therefore tend to dominate
the peak salt loads of Fig. 3.38 and the left hand side of the
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duration curve given in Fig. 3.39 (where the fit is also kest).
The duration curve of modelled daily salt loads is too low on the
right hand side of Fig. 3.39 due to the fact that during the
winter of 1978 the modelled discharges were lower than those ob-
served (see Fig. 3.26. The fit for the previous seven winter
seasons is, however, much better). The winter flows are dominated
by observed point discharges and releases from Vaal Dam,

It is therefore clear that the washoff of diffuse source salts has
been successfully modelled for the southern PWV catchment as a
whole, although less favourable results have been achieved for
some of the poorly gauged individual subcatchments. The calibra-
tion results are considered adequate for the purpose for which the
model was developed, viz. to create a planning tool which can be
used to compare the merits nf various management strategies which
have been proposed to improve the mineral quality of water supply
to the PWV region.
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duration curve given in Fig. 3.39 (where the fit is also best).
The duration curve of modelled daily salt loads is too low on the
right hand side of Fig. 3.39 due to the fact that during the
winter of 1978 the modelled discharges were lower than those ob-
served (see Fig. 3.26. The fit for the previous seven winter
seasons is, however, much better). The winter flows are dominated
by cbserved point discharges and releases from Vaal Dam.

It is therefore clear that the washoff ~¢ diffuse source salts hae
been successfully modelled for the southern PWV catchment as a
whole, although less favourable results have been achieved for
some of the poorly gauged individual subcatchments. The calibra-
tion results are considered adeqguate for the purpose for which the
model was developed, viz. to create a planning tool which can be
used to compare the merits of various management strategies which
have been proposed to improve the mineral quality of water supply
to the PWV region.
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3.3 Correlation between salt generation rates and
catchment chara:tgtiutics

In order to make valid comparisons among the effects of different
management options on the mineral quality of supply water at various
points in a dynamic system such as the PWV complex, it becomes
necessary to simulate each option for more than one sequence of
hydrology and for more than one demand condition. For example, an
option that requires the diversion of saline mine pumpage out of the
catchment might prove an attractive solution in the short term for
present-day conditions of demand when the effect of mine pumpage

on water quality is very pronounced. Ten or twenty years from now,
however, at present growth rates, the water demand (and hence the
effluent return flows from sewage works) will have doubled or quad-
rupled while nine pumpage will probably remain constant, or even
decrease. Moreover, it is almost certain that the diffuse source
salt load generated will also be much greater than at present. The
relative efiect of saline mine pumpage would therefore be less sig~
nificant than at present and the option of diverting these dis-
charges might then become less attractive than other options. The
same is true of most of the other options.

Planning, by its very nature, is future-orientated and any schuae
that is implemented will almost certainly not be called upon to
cope with present-day conditions. It would therefore be short-
sighted to compare options solely on the basis of present-day
conditions.

The Secretary for Water Affairs (1977), Hall (1980) and others have
made estimates of the future demand conditions likely to arise
within the PWV region. Water demands can readily be related to
effluent return flows and reasonable assumdtions can be made re-
garding the relationship between salinities of the water supplied
and of the effluents returned. More difficult to estimate, however,
are the changes that are likely to occur in the rate at which
diffuse source salts are generated.

An attempt was therefore made to derive a relationship between the
salt generatiocn rates calibrated in seztion 3.2.2 and the physical
characteristics of th2 twelve subcatchments, in order to establish
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3.56
a basis for making reasonable estimates of future salt generation

rates. It must be stated at the outset tnat there is a wide margin
of error in the salt recharge rates calibrated for many of the sub-
catchments due to the shortness of the period during which concurrent
streamflow and water quality data are available and to defects in
the records at some of the monitoring points, The split between
salts derived from catchments 10 and 11, for example, is rather
arbitrary because of the all but useless record at station C2M1l4,
The good results obtained for the catchment as a whole in section
3.2, however, are encouraging. The good fit between modelled and
observed salinities in the Barrage serves as an indirect confirma-
tion of the parameter values adopted for the individual catchments,
although of course there may be compensating errors. The large
difference between the salt generation rate for the undeveloped
catchments (numbers 6,7 and 8) and that for say subcatchment 2
cannot be disputed. There are no natural geological features that
could account for the vast differences in the salt loadr generated
in these catchments and it is therefore reasonable to assume that
the difference ig due to human activities. Indeed, at the time
when the Witwatersrand ("white waters ridge") was so named the
region was renowned for its clear waters.

Catchment characteristics related to human developments that might
conceivably influence the generation of diffuse source salts were
therefore identified and quantified for each subcatchment. These,
along with salt generation rates as calibrated in section 3.2.2,
are summarised in Table 3.7 and linear cross-correlations among the

variables are shown in Table 3.8,

From Table 3.8 it is clear that there is good cross-correlation
among many of the X-variables. Furthermore it may be seen that
X10, supply of industrial water, is strongly correlated with salt
generation rate. All other x-variables that correlate well with
the salt generation rate also correlate strongly with X10. 8ubse-
quent multiple linear correlation analysis showed that a simple
linear regression between X10 and Y produces the most reliable fit.
Inclusion of other parameters either leads to spvrious correlations
(due to the strong cross-correlations among the A-variables) or
else produces illogical results (such as regression coefficients
which suggest th :t salt generation rates decrease with increasing
industrialised area). The best-fit linear regression equation was

found to bet

Y = 2,5788 (X10) + 24,112 (3.4)
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Table 3,7 : Catchment characteristics and sdlt generation rates

Luﬂnr Catchment Units Subcatchment aumber
code characteristic 1 2 |3 |4 |ow]s [6 |2 s |9 [0 [ 12
x1 Inpervicus area ka?xl0 *' /xm? 37 ] a9 [20] so J1e]|] 2] o] o 3] ¢] o | 2
x Residential ares . 159 [ 373 J «8 |291 [ s ]3¢ ] 0} 1 17]28) o | 78 ;
x3 Industrial ares . 14 9% ] 26 ¢ 3 +] o o ¢ 0 4 4
t {] CBO ares . 11 7 o] 13 1| o] of o o] o}f o ° 4
xs Nine dump ares . 6| 35| 7| eajrs] of of o] o] 4j 0o} o g
%6 Izrigated area . 27 | BB} ] b S ¢ 24 ] 19 ¢ 0 4 ] ] J
x? Viei area . 15| 20] o ofew ] o] o]l o jas] o] 1s ]
%8 Banufacturing

industry working 4@
population head/xn’ 322 | 359 | 3¢ 9 33} 10 of o o}1? 1 1] 3
% Residentisl i
popelation . 1403 J1210 232 [s¢d 245 | 04 | 0o} 2} s fas | 10 jae?
x10 Industrial water
supply NL/year/kmt 20|l %ol innjlojie] of o ofjaw] o N .
491 Other wvater
supply . 169 | 144 s | 0 o] 21 o] o ol s8] o |18
- S | SRR
4 Salt geasxation :
rate kg/xmi/d 300 | 198 {164 J 219 T a6 Jeo | 20 29 | 20] 47} 38 [a22e ;

Table 3,8 s+ Cross correlations amcng catchment variable

ariadle X1 X3 %3 t {] xS xé X7

1 tapervious area [L,000] 9,984] 0.09%] 0,743 0.793]~0,031] 0,037
2 Rssidential ares 1,000] 0,0321 0,820] 0,864]-0,004] 0,088] 0,077] 0,000} 0,727] 0.79%0] 0,807
3 Industrial asrea 1.000] 0,422 0,498]=0,260] 0,040] 0,844} ©,630] 0,844] 0,8627] 0,770
/ 4 CBD area 1,000] 0,880}-0,002} 0,001] 0,690] 0,808] 0,417} 0,018] 0,320
$ Nine dump ares 1,000]+0,149] 0,018] 0,381] 0,960] 0,324 ] 0,849] 0,384
¢ Irrigeted ares ’ 1,600(+0,291]0,000] 0,1808]<0,074 ] 0,139] 0,170
? Vies (41} 1,000 0.1“ (-1 134 -O."J O.l” .0'1“ :
§ Manufacturing popl 1,000]| 0,936] 0,609 | 0,933} 0,877 o
? Residential pop. 1,000} 0,533]0,9%] 0,82
10 Ind.water supply 1,000 ] 0,454 § 0,927
11 Other water supwy 1,000} 0,443

Salt generation 1,000 : =
tace ‘ '
_%#— : ; &
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Fig. 3.40 shows the relationship between salt generation rates and
industrial water supply for each catchment.

Obviously it would be a gross oversimplification to assume that
equation 3.4 can now be used to predict salt generation rates. A : )
cursory examination of Fig. 3.40 shows that use of equation 3.4

would lead to an error of over 100% in the case of subcaichment 9.
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It must be borne in mind that not all industries can be expected
to produce the same quantity of pollution per unit of water con-
sumed. The high correlation coefficient (0,927) nevertheless

suggests that there is a strong relationship between industrial
water supply and salt generation rate, This is not unexpected,
as industrial water consumption is a good measure of human pollu- .
tion-producing activity in the catchment.

3o

TRy

290~
Koy
ou
® 49 Caichment no
200+« 2
03
S0
O 40
} .
o 20 % Py % o0 e %

Annuol indusiriel water supply per unit orea  {M2/xmt)




A
.
o
e
s
i)
!

3.58

Table 3.9 shows the annual industrial
subcatchment from September 1970 to August 1979,
regressions were then used to smooth th::
regression equations used are given in Table 3.10.
&re given in Table 3.11.

Although industrial water consumption cannot be
Predict salt generation rates, it does provide
grovth of salt generation rates in a catchment
industries located within the catchment or poll
ures do not change too radically),

zgg;g 3.9 : Annual industrial water consumption
M
within each subcatchmen!: (M%)

used directly to

an indicator of the
(provided that the
ution control meas-

water consumption in each

Linear and power

values in Table 3.9.

The

Smoothed values

ub= Year
@S;°hm'"‘jievo/71 71773 12773173774 24775 15736 26777 ’iizzg 28£79
1 102008 {12813 | 13524 14302| 14410 15458] 16590 17713} 17644
2 16195 | 17506 | 18031 20128] 23000 | 25455 | 26889 26696 26944
3 3266 | 3266 | 2860| 3360 4021 3777| 3s64| 13986 24599
da 8604 | 86231 9363| 9790/ 10348 | 10890] 11598 11823] 12082
4b 9482 | 9443 98531 10275} 10700 | 11038 | 10913} 10889 10996
5 10290 | 9973 | 9422 9164 9337 10123| 10303| ss40] 11307
6 o o o o o o o 0 o
? o 0 o o 0o 0o o o o
8 0 0 0 0 0 0 0 0 )
9 18215 | 22264 | 23618 26213 30354 | 33083 | 29659 28884 33153
10 0 0 0 0 o o 0 0 0
11 59311 | 55880 | 59486 | 60022 59477 | 61820 60761 68103 73323A
otal 137371 139768 146159 153254 [161647 [171644 E7°277 13673?w;09i::L
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Table 3.10 : Regression equations used to smooth annual

industrial water consumption values

~Sub- ) R!S
ratchment Regression equation R error
% 1 Ts - 111644538,78.(YEAR—1968,44)1;I51’* 0,989 284
2 § = -3318785+41692,67. (YEAR) 0,967 787
| 3 S = -213374+109,89. (YEAR) 1970< YEAR<1976} 0,389 276
‘ g = -20771136+10513,50. (YEAR)
1976<YEAR<1978 | 0,999 45
b da g = 1356+333.4z.(vsaa-19se,31)5""5 0,981 163
~ 4b g = 1ssa+5354.9o.(vsan-1967.31)5'155' 0,904 194
5 g = -79319+445,17. (YEAR) 0,025 | 738
9 £ = 27o4+1aazo.1e.(vmn-wss.se)s'”s5 0,906 1759
i § = 55357+o.00001o.(vsan-19sa,37)"15§5 0,364 1859
é wenpii
Table 3,11 smoothed values of annual industrial water
: consumption - ML
i tchment 19707711 71772] 127731 13/141 74775/ 75/76176/17177/78 78/79
" 1 12054 | 12717]13413]14134]14876{15635/16408117194 17991
2 15768 | 17460] 19153] 20846] 22538 24231]25924] 27616} 29309
3 31151 32250 3335] 3445] 3555] 3665| 377514048 24560
da g1gs | ssssl 9384| 9875/10361}10842§11319{11791) 12260
4b 9319 | 9708]10016]10274]10496]1069210867]11026111172
5 9659 | 9704] 9750] 9795] 9840] 9885} 9930] 9975}10021
9 17904 | 22589]25107}26916{28353|29557 | 3060131526} 32359
11 56257 | 56570|57078157874 15908560878 163471} 67142) 72245
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Smoothed annual industrial water supply values from Table 3.11
wers then divided by the corresponding catchment areas and sub-
stituted into equation 3.4 to yield annual growth factors to be
associated with the salt generation rate for each subcatchment.
The growth factors thus derived are 1isted in Table 3.12. No de-
tails of industrial water supply were available prior to 1970.
The values reflected in Table 3.12 before this date are extra<

polations.

g for diffuse-source

Table 3.12 @ Annual gtowth factor
salt generation rate

Sub~-catchment

Year -
Lﬂs_ 1 2 3 4a 4b 5 9 11
1964/65 49,4] 61,0} 38,4 83,21 35,4 | 68,9 33,2 176,5
1965/66 51,1} 72,1} 39,1 89,1137,8 69,1 38,6]177.5
1966/67 52,8{ 83,3] 39,7 94,9 | 39,9 | 69,3 ] 44,0 176,5
1967/68 54,61 94,4 40,4]100,7 | 41,7 69,5 | ¢49,4]176,5
1968/69 56,4 {105,6] 41,0 106,4 | 43,2 | 69,7 54,71176,5
1969/70 $8,3{116,7 41,61112,1 | 44,5 69,9 | 60,1{176,6
1970/171 60,21127,8 42,3{117,7 | 45,6 70,1 | 65,5{177,1
1971/72 62,2(139%9,0 42,91123,3 46,5 | 70,4 | 76,3 178,0
1972/73 64,3{150,1} 43,6 128,9 | 47,2 70,6 | 82,1]179.,4
1973/74 66,4(161,2 44,24134,3 47,8 | 70,8 | 86,3 181,95
1974/75 68,71172,4 44,8(139,8 148,) 71,0 | 89,6(184,8
975/76 70,9{183,5| 45,5 145,1 ] 48,7 71,2 { 92,4]189,7
976/71 73,2194 ,6| 46,1 150,95 { 49,1 71,4 | 94,8]196,8
$77/78 7%,6 }{205,8 106,11155,7 49,5 | 71,6 1 96,9 206,17
978/79 78,01216,9 |167,4 161,0 | 49,8 | 71,9 98,91220,6
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The values in Table 3,12 now provide the annual growth factors,

GROM, in program NACL#1, the catchment washoff model (see sguations

2.28 and 2.33). Estimates of future {industrial demands can be

used to compute
in turn can be used to

The following limitations should, however, be borne in mind:

diffuse-source salt generation growth factors which
simulate the washoff from each subcatchment,
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a) Shortcomings in the streamflow and water quality records
impose fairly wide margins of error on the salt recharge
parameters for some of the individual subcatchments

b) The strong correlation between salt recharge rates and
industrial water supply may be merely coincidental

¢) Changes within the catchments, such as introduction ‘£ new
industries and air pollution controls, may radically alter
the relationship between diffuse source salt generation
rates and industrial water demands.
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The relationship established nevertheless serves as the best uvail-
able basis for estimating future diffuse source salt loads.

S

i
s

3.4 Verification of model parameters

3.4.1 Streamflow modelling

The calibration parameters controlling the synthesisation of daily
discharges were verified using recorded discharges for the period
o 1978.09 to 1979.08. Table 3.13 gives statistical details for each
. station. The fit obtained for individual subcatchments is ~ rally

. not as good as for the calibration period (compare the re s
' Table 3.13 with those of Table 3.3). This could be a co se
of the exceptionally dry conditions experienced in the 1 .=«

season. The fit obtained at the Barrage wall is nevertheless still
good. Fig. 3.41 is a plot of modelled and observed daily dis-
charges at the Barrage wall while Fig. 3.42 shows the corresponding
duration curves (for the sake of brevity, plots at the other stations
have been omitted). From Fig. 3.4l it can be sesn that the base
flows are not well reproduced by the model. Use of the logarithmic

. scale makes the fit appear poorer than it actually is and further-

“ more Fig. 2.58 does not reflect the Barrage abstractions, which
averaged 16,5 m'/s during the 1978/79 season. Another detracting
factor is that the Barrage model was operated with the assumption
that the supply level was constant, vhereas in fact significant
fluctuations of level do occur. The modelled mean and standard ‘
deviation are, however, in good agreement with those observed and §
the correlation coefficient is high (ses Table 3,13)., Moreover the '
long calibration period (eight years) is !n itself a partial veri-
fication of the calibration parameters. ;

o gt 4 Ay MO0 A IS SO IR S S 4 S
R, b \ ;
B W T e e




Table 3.13

¢ Statistical properties of modelled and observed

daily discharges for the period 1978.09 - 1979,08

station [Ssample| Observed Modelled Linear
Tributary number |[size (m®/s) (m’/l) correlation| °SF
‘ % 8 % s coefficient
1ip river K10 289 8,235 1,596(3,923 0,640 0,143 0,610
N8 362 2,000| 0,801 2,1%8| 1,102 0,496 0,980
R6 346 2,148| 0,519 2,318] 1,291 0,392 0,922
cam2l 341 6,633| 1,968 6,398 2,499 0,563 0,922
C2M15% 121 5,532] 0,654 5,763] 1,458 0,106 0,604
uikerbosrand B9 365 lo,341| 0,111]0,381| 0,067 0,193 1,000
BlO 310 0,313] 0,204]0,642 0,730 0,388 0,897
CaM70 326 1,495| 6,929]1,019 2,307 0,718 0,987
C2MO4 326 1,685 9,733 1,182| 2,630 0,808 0,942
Rietspruit C2M0S 368 0,959 2,11810,595 1,258] 0,682 1,000
aaibosspruit|C2M14 387 |o,192| 0,52¢|0,523]| 2,707 0,748 0,897
tnn civer  |Barrage| 364 [5,496]14,7445,593|18,707| 0,827 0,998
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3.4.2 Water gualitz modelling

Using the growth factors given in Table 3.12 it was possible to
verify the calibrated water quality parameters for two periods,
viz. 1978.09 - 1977,08 and 1973.09 - 1977.08, Because of the
paucity of water quality data at other points in the system for
the latter period, however, modelled and observed salinities could
be compared only at the monitoring stations in the Vaal Barrage.

Verification proceeded as follows:

Using the specified dynamic growth factors the water quality para-
meters were first re-calibrated for each subcatchment in Table 3.12.
(There was no need to re-calibrate the remaining undeveloped sub-~
catchments; thesc were assumed to be stationary). Changes were
made only to parameters SALTR, BPARR, SALTU, BPARU and CONCS and
these were adjusted so as to yield modelled salt loads at each
station similar to those modelled in section 3.2 for the period
1977.09 to 1978.08. The new parameter values thus obtained are
given in Table 3.14. These parameter values are applicable to thc
year 1965, the starting date of the simulation. For each subse-
quent year the values of BPARR and BPARRU are adjusted according to
the growth factors (see equations 2,28 and 2,33).

Iable 3.14 : calibrated starting values (1965) of water
ty parameters for dynamic conditi

Fubcatchmont Parameter
SALTR | BPARR | SALTU | BPARU |concs
1 46,0 { 0,0605| 92,0 | 0,5227 | 272
2 48,8 | 0,0621 | 55,0 | 0,2964 | 298
3 82,0 | 0,1840 | 76,0 | 0,4343 | 412
da 46,0 | o,0%8c | 94,0 | 0,5344 | 400
4b 26,0 | 0,0312 | 87,0 | 0,%721 | 290
S 55,0 | 0,0624 | 213,0 | 1,1%50 | s28
9 10,0 | 0,0287 | 68,0 | 0,4111 | 295
11 137,0 | 0,1530{193,0 | 1,0800 | s48
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The newly calibrated dynamic parameters were then used to simulate
catchment washoffs for the two verification periods. Output from

the washoff model was fed into the Barrage model so that modelled

and observed daily salinities at the Barrage monitoring points 1
could be compared. Kkesults for the two verification periods are :
discussed below:

a) 1978.09-1979.08: The statistical properties of modelled and
cbserved daily salt concentrations at all monitoring points for
the period 1978.09 to 1979.08 are given in Tabis 3.15 while those M ”
for daily salt loads are given in Table 3.16. Fig. 3.43 shows T
plots of modelled ard observed daily salt concentrations at the R
four Barrage water quality monitoring stati._ns, as also the daily 1
salt loads leaving the Barraar wall, *ig. 3.44 shows the duration i
curves of modelled and obs: . ily salt loads passing the Barrage
wall icr the same period. <« ‘ison of Tables 3.15 and 3.16 with

Tables 3.5 and 3.6 reveals that the fit for the period 1978,09 =~
1979.08 is not as good as that obtained for the calibration period.
The fit is, however, acceptable at the key Rand Water Board ab-
straction points. O{ particular interest during the 1978/79 season
is the frequent occurrence of reverse flow conditions upstream of
the infalls of the Klip and the Suikerbosrand, resulting in high
salinities at the Rand Wator Board Zuikerbosch intakes. This was
the consequence of the DVA's deliberate policy of reducing releases
from Vaal Dam. The ability of the model to duplicate the excep-
tionally high TDS peak occurring under these conditiont at the end
of August 1979 is most encouraging. The modelled flood of October
1978, however, failed to dilute the Barrage water sufficiently

at the Vereeniging intakes and as a result the salt stored in the
Barrage was not flushed out to the required extent. The fit between
modelled and observed daily salt loads leaving the Barrage is good
in the region of the higher peaks, but poor for the smaller events.
This latter effect is attributable to the factors discussed in
section 3.4.1; the result was a poor fit at the lower discharges.
The modelled and observed mean and standard deviation for daily
salt loads leaving the Barrage are, however, close (see Table 3.16).
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Table 3.15 : Statistical properties of modelled and observed

daily TDS for the period 1978,09 - 1979.08

forirary | [frationfsarple] Obseryed | vedellsd bineat,,,,| o7
% S % s coefficient g

Klip river  [K1O 338 | 545,7| 55,6| 658,2{111,2] 0,474  |0,998
N8 361 |1220,8|140,7[1303,6{109,7 o©,228 10,997 =

R6 324 |1507,4|237,3|1395,9|167,5| o0,341 0,998 = §

cam1s | 365 | 879,3[113,11 931,4 111,3 0,476 |1,000 - :%

uikerbosrand |B9 s1 |1568,7| 94,4]1379,1| 89,5 o,616 |0,998
Bl1O 359 |1322,1|575,8| 995,7{179,6] 0,525 0,992 B

sl 365 156,0| 9,8| 142,3| 13,3 0,156 1,000 ,,

C2M04 340 760,8|464,0| 643,2]218,5 0,604 0,986

[Rietspruit  [camos | 364 1100, 204,0[1147,5 2oa,9l 0,606 0,999

[raatbosspruit |camid 47 | 901,2|268,1| 429,6|110,7 o0,508 0,980
aal river |IB 365 | 223,3| 81,4] 230,5| 84,8 0,828 1,000
V1 350 | 617,9]123,0| 660,7{123,84 o©0,767 0,988

v2 347 | 600,4{105,2| 634,7|103,8 0,779 0,995

Barrage| 363 595,91109,4| 643,6| 53, 0,872 0,989

Table 3,16 Statistical properties of modelled and observed
da!ly salt loads for the period 1978.09 - 1979,08

Station |Sample|Observed t/d|Modelled t/d|Linear
Tributary number |[size - - correlation| SF
x s X 8 |coefficient
leiy river K10 263 249,6 | 93,0|223,7| 51,6 0,366 0,708
N8 358 208,3 | 79,9]|240,3|113,0 0,498 0,968
R6 305 281,4 | 76,6]282,71142,4 0,277 0,938
C2M15 121 404,4 | 82,6/439,1|119,1 | -0,052 0,611
FSuikotbostand B9 51 46,6 | 15,6 45,0f 6,1 0,267 0,996
Bl1O 308 38,3 | 27,0} 57,6| 58,6 0,288 0,889
C2MO4 303 58,2 Ro7,2} 52,31 72,2 0,701 0,944
Rietspruit C2MO05 364 76,2 | 73,0| 45,7} 53,8 0,713 0,999
Taaibosspruit |C2M14 66 6,5}13,5| 6,8] 25,4 0,463 0,121
vaal river Barrage| 362 299,8 F69'° 315,3|935%,9 0,813 0,999
. -
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b) 73.,09-1977.08: Tables 3.17 and 3.18 give statistical prop-
erties of modelled and observed daily salt concentrations and salt
loads for monitoring points in the Vaal barrage. Figs. 3.45 to
3.48 show modelled and observed daily salt concentrations at the
. four Barrage monitoring points. ,f7

Table 3.17 s Statistical properties of modelled and observed

daily TDS in the Vaal Barrage for the period
1973,.09 - 1977.08

o Station| Sample | Observed (mg/t) |Modelled (mg/t) | Linear
. size - correlation sr
‘ | X s R 8 coefficient
o 2B 1249 | 137,6 43,3 |157,7 46,0 | 0,604 0,978 ’
5 v1 1447 | 366,4 | 156,9|429,2 | 196,7 0,808 0,998
L v2 1423 347,2 155,4 | 405,3 190,0 0,831 0,982 o
; Barrage| 1461 | 350,9 151,0 | 392,2 | 179,4 0,929 1,000 .
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Table 3,18 : Statistical properties of modelled and observed

daily salt loads leaving Vaal Barrage for the
period 1973.09 - 1977.08

tation Sample T Observed (t/d) Modelled (t/d) | Linear
size correlation| SF
X s X S coefficient
arrage 1461 2110,3 5279,6 | 1948,1 | 4201,0 0,954 1,000

Fiq. 3.49 shows daily salt loads leaving the Barrage while Fig.
3.50 gives the corresponding duration curves. From Table 3.17 and
Fig. 3.45 it can be scen that the fit between modelled and observed
daily salt concentrations at the Zuikerbosch intakes is not as good
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as was obtained for the calibration year. The poor fit, particular-
ly in the earlier years, is most likely attributable to poor point
flow data. Data pertaining to mine pumpage are especially scarce,
Estimates of quantities of shaft water discharged to stream for

most of the mines of the southern PWV catchment were based on values
provided by Clausen (1976)., His estimates, however, are based
largely upon records of electri.al power consumed by the pumps and
therefore do not differentiate between water discharged as effluent
and that used consumptively (such as slurry pumped to slimes dams).
It was possible to make a direct comparison betwsen Clausen's fig-
ures and those obtained from two of the gold mines (Durban Desp and

Grootvlel Proprietary, situated in subcatchments 1 and 4b respec-

tively). Estimates from the two sources are given in Table 3.19.
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Table 3,19 : Estimates of annual volumes of mine shaft
water pumped to stream (M)

i Source of estimate | Percentage |
g‘ Clausen Mines i
; urban Deep 1973 | 2690 1153 133 {‘
. 1974 | 2650 1352 96
- 1976 | 6923 5255 32
it Grootvlei Prop. 1975 | 5821 4460 1 ]
- 1976 | 6611 5129 29 1
A

In 1973 there were eight gold mines still operative. This number
had diminished to six by the end of 1976. All mine pumpage values
used as input to the model prior to 1977, other than those given in
Table 3.19, were based on Clausen's figures. (Since 1977 monthly
effluent data have been submitted to the Water Research Commission
by the mines still in production). It is clear from Table 3.19,
therefore, that the margin of error associated with the mine pump-
age values is wide. This is particularly serious in view of the
high salt concentrations involved. (Salt concentrations in excess
of 10 000 mg/L have been recorded). Water quality data prior to
1977 are also not available for the mines, but Clausen (1977) main- 3
tains that the salt concentrations of the shaft water have been g
declining. Salinities of shaft water in these earlier years are |
2180 less predictable because the salt concentrations vary accord-

‘ o ing to the level from which the water is pumped, and previous history
s . of water levels in the workings (when the water level is reduced,

- for example, iron pyrites is oxidised and if the water level sub-
sequently rises sulphates are leached out). Estimates of salt loads
pumped from mine workings before 1977 are therefore highly inaccu-
rate.

£
el SRR R i e i

S R

From Table 3.17 and Figs. 3.45 to 3,48 it can be seen that the .
modelled salt concentrations tend to be higher than those cbserved, ] 4
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especially during the drier months. Modelled salt loads, however,
tend to be lower than those observed. This is probably due to the
*fact that for this period the modelled disc' arges are lower than
those observed (see Table 3.20). As a consequence the total
modelled salt load must also be lower and the salt concentrations
should be higher. As can be seen from Table 3.18 and Figs. 3.49
and 3,50 the fit between modelled and observed daily salt loads
passing through the Barrage sluices is good.

Table 3.20 gives modelled and observed annual runoffs and salt

loads derived from the southern PWV catchment, together with weight-
ed average salt concentrations for each year simulated. Weighted
growth factors for the entire catchment are also included in Table
3.20. Values contained in Table 3.20 are plotted in Fig. 3.51,

f' N Table 3.2 : Modelled and observed annual catchment runoffs,

: a galt loads and weighted salt :oncentrations

§f-* | Catchment runoff Salt load Salt concentration

; ' Year ?:,xlof) (txlo?) (mg/2) g:g:g:

Observed| Modelled| Observed| Modelled| Observed| Modelled

1973/74 520 549 274 318 526 579 99,6
1974/75% 1739 1192 671 532 386 447 101,9
1975/76 1440 951 598 472 413 497 104,8
1976/77 895 693 444 413 497 595 108,13

L J 1977/78 1236 1308 643 654 520 500 115,8

. ‘ 1978/79 322 328 249 254 774 781 | 124,7

Fig. 3.51 demonstrates the profound effect that the hydrology has
upon the quantity of s~1t washed off in any given year. During the
period 1974.09 to 1977.08 the observed annual runoffs are greater
than those modelled, and as a result the modelled salt loads are
low. The surfeit of salt stored on the catchment, however, results
i in modelled average salt concentrations that are too high. During
the period 1977.0°¢ to 1979.08, however, the modelled and observed

4 annual runoffs are very close, and as a result the salt loads and

{ concentrations are also in good agreement. From Fig. 3.51 it can
be seen that the relationship between the annual salt loads derived
from the catchment and the corresponding growth factors for salt

D S S
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generation rate is completely obscured by variations in the
hydrology, although there does seem to be some correlation between
the weighted average salt concentrations and ihe growth factors.

The correlation between salt generation rate and industrial water
supply cannot, therefore, be conclusively verified as the simula-
tion period is too short. The good fit between modelled and ob-~
served values at the Vaal barrage monitoring points for the 6
years simulated with parameters based on only a one-ysar calibra-
tion period does, however, serve to confirm the adequacy of the
model and indirectly gives credibility to the adopted growth fac-
tors ( e growth factors had been unreasonable, then the model
fit cc.' ! be expected to be very poor). Definite verification of
the growth factors will not be possible until a few more years of
d *a become available, The chosen growth factr.:rs ars, however,
G} '@ plausible and should provide a sound bas .; tor comparing the

effects of various management strategies on water qualities within
the system under various demand conditions.
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CHAPTER 4 : PARAMETER SENSITIVITY

A series of model runs was made to test the sensitivity of the
modelled output from programs NACL@l-and NACL@2 to changes in cali-
bration model parameters. ‘ -

The sensitivity of the modelled output from a 600 km? catchment for
the period 1977.09 to 1978.08 to changes in each calibration para-
meter was judged by varying each parameter in turn (while keeping
the remaining parameters constant), and noting changes in the
modelled means and standard deviations.

Parameter sensitivity analyses for programs NACLJl and uacnnz are S
discussed in sections 4.1 and 4.2, R

"4.1 - Program NACL@l ~
Average daily rainfall and evaporation data for snbcntchlint 2 were
used as input to the model with a running-in period from 1965.09
to 1977.08. The direct modelled catchment response was used to
test the sensitivity of the washoff mciel to changes in each para-
meter (i.e. the channel routing model, NACL#2, was not used),

The sensitivity of the modelled output to changes in the parameters
controlling runoff and water quality are described in sections
4.1.1 and ¢.1.2.

4.1.1 Runoff parameters

Base line parameter values (about which each in turn was verisd)
are given in Table ¢é.1. The model response to changss in each
parameter is discussed below.

. Table 4.1 @ ngg line parameter vglgcg used ;n ggggg&gx;;g

barmtor Value Parameter | Value Parameter | Value

R POM 3 Al 0,8 LAG 0
' sL 0 ZMINN 0 GL ¢
sE 140 EMAXN 15 QoBS 0,08
_ T 400 Pz 1,5 DGL 0

0.4




a8) POW : The response of modelled daily discharges and salt con~
Centrations to changes in POW is shown in Fig. 4.1 while Pig. 4.2
shows the effect on modelled means and standard deviations. . This
~ parameter controls the rate at which percolation of soil moigture
to the groundwater diminishes as soil moisture storage decreases
(see Fig. 2,7 of section 2.2.1). It follows, therefors, that an
increase in POW leads to a more rapid reduction of base flow dis-
charges after flood events. From Fig. 4.1 it can be seen that the
eifect of POW is most pronounced towards the end of the dry season
when the soil moisture storage is small. The greater persistence
of the base flows for lower values of POW increases the ratio of
percolation to evaporative losses from the soil moisture. The
increased flushing effect leads to a reduction of salt concentra~-
tions during both the dry and the wet seasons. Flood peaks at the
onset of the rainy season, however, are little affected by changes
in POW because an increase in base flows is accompanied by a de-
Crease in evaporation from the soil moisture and as a result the
soil moisture storage at the end of the dry season (which in turn
controls infiltration rates) is not greatly altered.

Fig. 4.2 shows that increasing the value of POW lesds to a reduc-
tion in total discharge (the differsnce being lost dus to incrsased
evaporation from the soil moisture), while the reduction ia Dase
flows together with insignificant changes to the lood patks causes
an increase in the standard deviation. Reduced flushing of ths
80il moisture also leads to incrsased average salt concehtrations.
The standard deviation of daily salt concentrations doss not rise
as rapidly as the mean because the increase in conosntrations

applies to both base flows and flood peaks (although the latter to
a lesser extent).

Changes in POW in the range 3-= have little effect upon modelisd
discharges because they result only in small changss to base fiows
which are already approaching sero. The influencs upon salt con
centrations, however, continues to be significant. ' '
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b) SL : A comparison of Figs. 4.3 and 4.4 with Figs. 4.1 and 4.2
reveals that increasing SL has a similar effect on modelled dis-
charges and salinities to that obtained by increasing POW. It is
in fact possible, by suitably adjusting POW and FT, to mimic very
closely the effect of changing SL.* 1In visw of this apparent re-~
dundancy Pitman (1976) advocate’ setting SL equal to zero in all
instances in order to reduce the aumber of model parameters which
need to be calibrated. This approach is perfectly adequate for
runoff modelling. In modelling water quality, however, the total
soil moisture salt storage is most important as this will control
the rate at which soil moisture salinities will change as & result
of evaporation, groundwater flow and interflow. Soil moisture
salinity changes can therefore be damped out by increasing 8L, SE
and ST by a constant amount thereby deepening the soil moisture
gtorag- without adversely affecting the fit bstween modelled and
coserved discharges (slight adjustments would also have to be made
to ZMINN and ZMAXN when ST is increased in order to maintain the
samc balance between soil moisture storage and infiltration rates).

c) SE : From Figs. 4.5 and 4.6 it can be seen that increasing SE
has the effect of dramatically increasing both the mean and the
standard deviation of daily discharges. The reduced evaporation
maintains a high soil moisture storage thereby reducing infilt:a-
tion rates during storms and also results in greater persistence in
the base flows. Increased discharges inevitably lead to reduced
salt concentrations as can be seen in Fig. 4.5. The standard
deviation of daily salt concentrations is not greatly affected
because salt concentrations are decreased for all flow conditions.

e, s TR RSN

¢ The only effect of changing SL which cannot be duplicated is
the ability to causs base flows to cease entirely towards the end
of the dry season by setting SL > SE thereby allowing evaporation
to reduce the soil moisture storage to less than 8L. This cannot
be exactly duplicated without using the parameter SL because even
with high values of POW there will always be very small, geometri-
cally decaying discharges.
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S d) ST : Examination of Figs. 4.5 to 4.8 reveals that increasing
ST has an effect on daily discharges and salinities similar to that
of decreasing SE. This similarity does not, however, reduce the
importance of SE. As was seen in section 4,1,1(b), the flexibility ‘ @
afforded by parameters SL and SE is required in order to maintain :
the correct long term salt mass balance of the soil moisture. |

e) FT : The sensitivity of modelled discharges and salt concentra- :
tions to changes in FT is shown in Figs. 4.9 and 4.10. Increases
in FT result in higher base flows and lower base flow salt concen-
trations., The rate at which base flows decay with time, however,
is not affected by changes in FT. Mean discharges increase almost
linearly with FT, while the standard deviation decreases. At the
same time mean salt concentrations decline and the effect on the 4
standard deviation of daily salinities is indeterminate, depending oty
largely upon the balance botween water quality parameters.

23 A%ad Ten ¢ LT

iy sl

£) AL : Figs. 4.11 and 4.12 show the effect of changes in the im-
pervious area on modelled discharges and salt concentrations. The "
main result of ircreased impervious area is enhanced storm runoff. .
Reduced infiltration also marginally reduces base flows. 1If the
rate of generation of salts per unit area of impervious catchment
surface remains conatant (as was assumed in the simulations) then
peak salinities during small floods, particularly at the onset of
the rainy season, will be incru:ased as Al increases. The enhanced
ST base flow salinities shown in Fig. 4.1l for AI = 0,16 are due to
reduced runoff from pervious surfaces and the resulting reduction
in interflow (the implicit model assumption is that the catchment
: ) under the impervious surfaces remains an integral part of the soil
; . moisture storage. Reduced interflow associated with increased im=-
pervious areas therefore results in longer retention times). Catch-
ments of the size for which this model is designed, however, will
rarely have as much as 16 percent impervious area (this would rep-
resent over 80 percent urbanisation). The effect c¢f smaller im-
pervious areas on base flow salinities is negligible.

Contrary to what might be expected, an increase in AI leads to a A
decrease in the standard deviation of modelled daily discharges. :
\ This is due to the fact that the largest modelled peak discharge
; at the end of January 1978 actually decreased when Al was increased.




i 48
‘ Key.
mmmvnnn— sT = m

- ST = 300

13001 —— ST= 200

é

TDS (me/i)
B

wms)

Dischargs (

10+

I~

.
? Ny ,T‘M]AIMIJlJlA|
Key.
1 — — - glandard deviation
10001 PR 1 L)

-

¥

;

o -
b ‘

g

.

>, [ ]
b . !

.

; ;
; "
b ‘
P ; -
i i
£ i
F‘;« M

(

meon

i a7 | e



—— FT=0,4
—— FT=0,25
—— FT:=0,l

e

TDS (mg/i)

<4

<

4
4
4
P
r
4
<4

scharge (mis)

¢l

0

#‘a
-
1
2
;
f !
| Key.
b ! - = = gtondard devigtion
| ~——

TDSm(‘l:Vl)
8
g § 8

§
Stondord deviation
8

---
D G . S G GE GRS G GEES G CONE AN cdM CHED SSu SS— —— GR—

P

tm3s)
e
-

B [ 3
‘ : i 'L 2
/ ; -—-———_-—
4 S G GEED SN SR GEe SNAS Ge
§ 3 @ 1 R e U Ve e . s
N '
3

o o ae o o

| FT (mm/sg)

a8

4

< oind




5
¢
¥
b

REs e et A LG

i

i
o

TOS (mg/l)

(mo/l)

TO0S

(mds)

410

C - v v v 2 g ' 2 v 2 4 v ) § Al
I00-1
§
- 104 ‘ A& \ x \
' \ A I '
§ ‘ \ ' ‘}- 8
R PV 7
é A JRVAY
—— 1
T T 6 TN T 07T J T FTMTAIM  J1TJT Al
Fig.4.11; Sensitivity_of modelled daily_dischgrges ond salt concentrations ,
fo chonges in Al g
=
Key. ]
— — = standard deviation b
1000+ 400+ — mean ?
§ — B i
6007 %sw ;
—— e —— 3
§ooo« gzw ‘___,_._..--—"" j
-
400{ §& 100 - /z
b
200
(¥ i2-
84 104
5 .
‘q
g Y
34 L 3 e ——— 1-._”—————"-'__—_
"
[ & [ v "
0 0,04 00 o\t 0,8 :
Al !




ot

4.11

The peak discharge was lowered because of the reduced infiltration i
during the storm that caused the preceding flood with the result ‘
, ~hat there was a lower soil moisture storage at the onset of the
E smaller storm a week later. The anomaly is therefore another con- ?
sequence of the assumption that soil moisture storage under imper-
-ious surfaces is intimately connected to that under pervious sur-
vaces. The validity of this assumption is dependent upon the lat-
oral permeability of the soils and the average width of the paved
pvortions of the catchment (for example the assumption would be less
+rue for a large paved parking area built on clay than for an equiv-
alent area of narrow road pavement founded on fissured rock).

j) ZMINN : Figs. 4.13 and 4.14 show that an increase in ZMINN
reduces the mean discharge but increases the standard deviation.

. mwhis is because smaller floods are reduced more severely than larger
=~ floods which occur later when the soil moisture is nearly saturated.
. In some instances an increase in the minimum infiltration rate can

. actually cause flood peaks to increase, as happened with the flood
at the end of January 1977 when the enhanced infiltration reduced
the preceding flood peak but raised the soil moisture storage state
so that the following storm rapidly filled the soil moisture storage,
thereby enhancing the runoff efficiency.

- The increased infiltration also gives rise to enhanced base flows, 1
oo although this is not noticeable for the year simulated because the i
' soil moisture storage became saturated at the end of January 1978

even when ZMINN was set to zero. a

L

The galt concentrations during most of the flood peaks increase

as ZMINN increases because of predominance of the more saline run-
= ' offs from the impervious areas. During the penultimate flood of

b January 1978, however, the urban salt storage had been largely de-
pleted and the reduced runoff from the pr.rvious surfaces therefore
caused a decrease in salt concentrations. The following flood at
the end of January, although greater, had a higher salt concentration
because of the reduced impact of the diluted runoffs from the im-
pervious surfaces., The effect of changes in ZMINN (and of ZMAXN)
on salt concentrations during floods is therefore highly complex

: and depends upon the balance between the water quality parameters,
E soil moisture storages and the timing and magnitude of the floods.
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. The effect of ZMINN on base flow salt concentrations is more pre-

dictable. The increased infiltration carries more salt into the
soil moisture with less interflow to flush it out. Concentration
due to evaporation therefore ensures that base flow salinities in-
crease as ZMINN (or ZMAXN) is increased.

h) 2ZMAXN : The effects of increasing ZMAXN upon modelled discharges

and salt concentrations are similar to those of increasing ZMINN,
except that the relative decrease of larger flood peaks is usually
as great, sometimes greater, than that of smaller peaks. As a
result the standard deviation of daily discharges tends to decrease
as ZMAXN is increased, For larger values of ZMINN, however, the
last flood of January 1978 is again increased for the same reasons
as discussed in section 4.1.1(g) with an accompanying rise in the
standard deviation., Figs. 4.15 and 4,16 show the relationship be-
tween ZMAXN and modelled discharges and salt concentrations.

1) PI : The relationship between PI and modelled discharges and
salt concentrations is shown in Figs. 4.17 and 4.18. Increasing
PI has the effect of reducing all discharges, although base flows
are not noticeably affected. The relative reduction of smaller
flood peaks is much greater and many are eliminated entirely. Re~
duced runoffs lead to increased salt concentrations during most
floods, although this is dependent upon the relative magnitudes

of the runoff from pervious and impervious catchment surfaces.
Fig. 4.18 indicates increased base flow salinities as PI ir in-
creased. This may not always be the case, however, as much depends
upon the relationship between reduced interflow, reduced infiltra-
tion of salts and reduced base flows. A smaller value of PINTM,
the interflow parameter, might cause the relative reduction of
washoff into the i~'l1 moisture to predominate and cause the trend
of the base flow saiinities shown in Fig 4.17 to be reversed.

j) TL : Figs. 4.19 and 4.20 show the effects of changes in the
parameter TL. TL, being the storage factor in the Muskingw: equa-
tion, changes only the shape of the hydrograph without altering
the mean discharge. An increase in TL leads to a decrease in the
standard deviation of daily discharyes. The effect on the mean
and standard deviation of daily salt concentrations is small and
indeterminate, depending largely upon the balunce between water
quality parameters.

;
4
)
iy
i
£l
T

A
4
.
b
'




4.14

Key

- ZMAXN = 10
—— ZMAXN = 1§
— ZMAXN = 20

TDS (wmg/l)
§

1001

[ERE T ECR O -0, - T

=
[%

Dischorge (mi¥'s)

!

SR E N S R EC N IO LR TR

w\"‘ ! %
. k]

. { A

s fo _chaonges in ZMAXN. i

i 3

:

; )

. Key

— — — stondord deviation %

j 1000 - 400 mean 3

g
§

§

TDS (mg/2)
mean
[ 3
8
Standord deviation
~
g\

g

( 2 12-

sd & 0]

(mis)

mean
/

'Y [




S s mmmTe T e SumaseIems Soit T SAURTRON QENERSREIIIT MR S SRR T eI MU At W FiaE Y S oy

. A _
_ : |
3 _ \
- c _
2
, - & s _
: Pl
u P €
m | o5 gE | -
- = ! | )
| S8 __ , .
| _
e _
|
|

3

Y
lo chonges in P|

§ 8 8 § ° & ¥ v o %

[

UNYDIAJD  PIODUDLS HOUDIAJD  DIDPUDIS 2

m m m m 1%. © S b B -
uDaw uodw ﬂ

(1/w) s04 (W) sBioyosyg

2000
5001
000"
800{
o}
100+
10-
I-
T .o N
Fio.4.17:

(y/8w) sqy (Sgw) sbioyas:g

e s i v et e e

A S R S S i £ e Aty TGS, i,

M T TV IR - SEERRe R e fl e il
AR R T e L e g < £
Pl e R PR



e

L%
o
#
e
L

o

e

Discharge (mY¥s)

(mg/R)

T0S
r 3
8

200~

94

(m¥s)

mean

'y

8-

Flo.6.20; Sensitivity_of modelled means ond stgndord devigtions

“ ?
LT :""
4.16
e s = Key
1500y A _— TLE 1,5
- N\ M _— TL=30
E‘ 1000+ \\,‘ \
- VY \V\J\\/ P, A e s
n . d - \ e
(=] J-
£ 5001

Fig.4.19: Sensitivity_of modelled daily_dischorges ond salt concen frations

Standord deviation

Swondord  devighon

to_chonges in Tl

Key.
standard deviation
mean

3001

200+

1001

- S aseen Guee e

TL (deys)

fo cngnoes 10 Th,

e~

AT g oMY O 0o Yo st S i

ER————— L




4.17

k) LAG : The effect of LAG on modelled values has not been plotted
as it results in nothing more than a constant delay of the entire

+  @modelleéoukput. This phase shift has no effect upon modelled
means and standard deviations.

1) ¢ : Figs. 4.21 and 4.22 show the effect of GL on modelled
discharges and salt concentrations. This parameter contro’. the
release of water from groundwater storage (see section 2.2.1(h))
The unique characteristic of this parameter, as compared with SL,
SE and FT which also irfluence base flows, is the ability to reduce
base flows immediately after floods while at the same time in-
creasing base flows later in the dry season. This redistribution
of base flows can be seen in Fig. 4.21. Changes in GL furthermore
have no effect upon soil moisture storages and therefore do not
alter the long term mean discharge because of the assumption that
the groundwater storage is frea from evaporatdve losses. This
feature also renders any changes to modelled salt concentrations
negligible. GL also has little effect upon the standard deviation
of daily discharges as the flood peaks, which cause most of the
variance, are not affected.

m) QOBS : This is the observed groundwater discharge at the start
of the simulation and is used within the model to estimate the
init.al soil moisture storage. This parameter is not very impor-
tant, however, as only one or two years are required to run in the
model and completely eliminate all memory of the starting conditions.
A considerably longer running-in period is in any case required

to eliminate the effects of the initial estimate of the soil mois-
ture salt storage (see Fig. 4.42 of section 4.,1,2(1)). The effect

of QOBS is therefore irrelevant,

n) DGL : The effect of DGL is to remove a constant proportion of
the modelled groundwater flow, with its associated salt load, from
the modelled output, resulting in reduced base flows but no change
in soil moisture and base flow salt concentrations. These effects
can be seen in Fig. 4.23. Fig. 4.24 shows that as DGL increases
the mean discharge decreases linearly while the standard deviation
increases marginally. Salt concentrations are only slightly affected
due to small changes in the reduced base flow component immediately
after floods. Fig. 4.24 shows a small increase in the standard
deviation of modelled daily salt concentrations as DGL increases.
This, however, is dependent upon the balance between the water
guality parameters.
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4.1.2 Water quality parameters

Base line water quality parameter values are given in Table 4.2.

Table 4.2 : Bagse line parameter values used in sensitivity
analyses of water gquality parameters for

program NACL@1

arameter vValue Parameter Value Parameter ValuJ
ARR -0,0008 PDEPS 0,9 SALTR* 97
PARR 0,1090 CONCBG 10 SALTU* 185
ARU -0,0100 PINTM 0,90 CONCS* 939
PARU 1,0000 APARG o]

Parameters SALTR, SALTUand CONCS are not really calibration
parameters, but initial values. These were adjusted so as to
give a reasonable balance between initial and final values.

The sensitivity of modelled salt loads and concentrations to
changes in each water quality parameter is discussed below.

a) APARR : F.gs. 4.25 and 4,26 show the response of modelled
salinities to changes in APARR. It can be seen from Fig. 4.25
tha- modelled means and standard deviations are highly non-

linear functions of APARR. The main effect of reducing APARR is
to damp out fluctuations in salt concentrations later in the rainy
season when the impervious salt storage has been depleted. The
long term mean salt load is not altered, although the annual salt
load distribution, being a complex function of the antecedent
hydrology, is radically affected. For example, the 1976/77 runoff
was somewhat lowe. than that for 1977/78 (the period plotted in
Fig. 4.45). As a result an increase in the value of APARR caused
an increase in the mean salt load for the year 1977/78, Had the
preceding year produced more runoff relative to that of 1977/78,
however, the mean and standard deviation of daily salt loads re-
flected in Fig. 4.26 would I. e decreased with increase of APARR.
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A complex relationship also exists among base flow salt concentra-
tions, APARR and the antecedent hydrology. Generally, base flow
concentrations can be expected to increase for a year that is
preceded by 2 relatively dry period if APARR is increased. If the
preceding hydrology is exceptionally wet, increasing APARR should
reduce the base flow salt concentrations.

b) BPARR : The effect of changing BPARR is clearly shown by Figs. ‘ﬁ
4.27 and 4.28. An increase in BPARR inevitably leads to virtually ]
linear increases in the mean and standard deviation of modelled . ’
salt loads and the mean salt concentration. Salt concentrations
are increased during both the dry and the wet seasons. Changes

in the standard deviation of daily salt concentrations are depen-
dent upon the other water quality parameters and are consequently
' less predictable. 1In general, when the salt load contribution
from impervious surfaces is large (as in the case reflected in
Figs. 4.27 and 4.28), increases in BPARR will cause the standard

: i deviation to decline as base fluw salt concentrations rise to
match those of the early season floods. On the other hand, if the
urban washoff component is small, an increase in BPARR accentuates
the difference between the high base flow salinities and the lower
salinities during the floods, with a consequent rise in the stand-

ard deviation.

¢) APARU : The greater washoff efficiencies attributed to paved
surfaces means that APARU, unlike APARR, has little effect upon
the annual distribution of salt loads. APARU does, however, have,

v a profound effect upon the distribution of salt loads within the
S rainy season of any given year. This is clearly shown in Fig.

¥ 4.29 where it can be seen that an increase in the magnitude of
APARU shifts more of the salt load towards the cnset of the wet
season st the expense of the later months. From Fig. 4,30 it can

W be seen that APARU has no effect upon mean salt lonads, even within
i a given year. An increase in the magnitude of APARU causes a

: sharp rise in the standard deviation of modelled daily salt concen-
trations while the mean also increases, but at a slower rate (this
is because the sharp rises in TDS at the start of the wet season
are partially balanced by smaller salt concentration decreases
during later floods). In the range of values approaching sero an
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increase in APARU causes a decline in the standard deviation of
modelled daily salt loads due to the reduction in the peak loads
during the major January floods. Further increases in APARU, how-
ever, have little further effect upon the January peak loads but
continue to increase the peaks at the start of the rainy season
with a resulting rise in the standard deviation.

d) BPARU : Figs. 4.31 and 4.32 show that an increase in BPARU
increases the mean and st: iard deviations of modelled daily salt
loads and salt concentrations. From Fig. 4.31 it can be seen that
the influence of BPARU is most marked during the early floods of
the wet season when larger salt generation rates cause a sharp rise
in salt loads and concentrations.

e) PDEPS : Figs. 4.33 and 4.34 show the effects of changes in
PDEPS on modelled salt joads and concentrations. PDEPS controls,
the rate at which base flow salt concentrations rise as a result
of evaporation from the soil moisture. An increase in the propor-
tion of salt deposited in the soil moisture therefore results in

a decline in average salt corcentrations. The influence on the
standard deviation of salt concentrations is, however, dependent
upon the balance between BPARR and BPARU. Larger values of PDEPS
also increase the standarc deviation of modelled daily salt loads
due to the reduced base flow loads and enhanced peak loads during
floods when interflow flushes out part of the deposited salt. The
rise in mean salt loads with increasing values of PDEPS reflected
in FPig. 4.34 is, however, misleading as PDEPS cannot alter the long
term mean. The change in the salt load washed out of the soil in
any given year depends upon the antecedent hydrology.

£f) CONCEG ¢ The effect of the background TDS (attributed to pre-
cipitatiorn) upon modelled salinities is shown in rPigs. 4.35 and
4.36. An increase in CONCBG causes an increase in mean concentra-
tions and salt loads. If the interflow component is high (i.e. for
high values of PINTM), as in the cases simuiated, then an increase
in CONCBG results in an increased standard deviation of daily salt
loads. This is because much of the extra salt load derived from
precipitation, most of which enters soil moisture storage, is
ultimately flushed out via {nterflow during floods. If PINTM is
small, however, then most of the salt derived from precipitation
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will concentrate in the soil moisture, resulting in a larger
relative increase in pase flow salt loads with increasing values
of CONCBG. This would lead to a reduction in the standard devi-
ation.

The effect of CONCBG on the standard deviation of daily salt con-
centrations is negligible.

g) PINTM : An increase in the {nterflow component of surface run-
off can be seen from Figs. 4.37 and 4.38 to have the effect of re-
ducing base flow salt loads and concentrations and increasing these
values during floods, with the result that the mean and standard
deviation of modelled daily salt loads are increased. If a reason-
able value of APARR has been adopted (such as that used in Table
4.2) then increases in PINTM will cause the mean and standard devi-~
ation of modelled salt concentrations to decline, as indicated in
Fig. 4.38.

h) ALEACH : Figs. 4.39 and 4.40 show that an increase in ALEACH leads
to increased means for daily salt loads and salt concentrations. In
rig. 4.40 it can be seen that increasing ALEACH results in an in-
creased standard deviation of daily salt loads. This is due to the
high value of PINTM which ensured that the increase in peak salt loads
would be large relative to the increase in base flow loads, If PINTM
had been small enough, the standard deviation would have declined
with increasing leaching. The relationship between ALEACH and t'e
standard deviation of daily salt concentrations and other water
quality parameters is very complex and is also dependent upon ante-
cedent conditions.

g i) Xpjtial parameter values ¢ Fig. 4.41 shows the number of years
k ! that have to be simulated in order to eliminate errors resulting

] | ¢rom the initial estimates of SALTR nd SALTU which are approxi-

: mately three times too high. What ha'’e beer. plotted are the final
Lo : total surface salt storages at the end of August 1978 with various
simulation starting dates. It can be seen that errors due to in-
accuracies in SALTU are rapidly eliminated, while those for in-
accuracies in SALTR persist much longer. This is due to the fact
that the washoff efficiencies for impervious surfaces are much

' greater than those for pervious surfaces.
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Fig. 4.42 shows the consequences of specifying initial values of
CONCS approximately 50 and 200 percent of the final value in August
1978 for different values of PINTM and FT. It can be seen that in
all cases the convergence is extremely slow because of the long soil
moisture storage retention times. It is clear therefore that a long
running-in period is required in order to reduce errors due to
initial estimates of CONCS. When calibrating the :nodel it is also
desirable to adjust CONCS in such a way as to ensure that the initial
and final soil moisture salt storages are mutually compatible (i.e.
if a zero growth rate iz rpecified for salt recharge rates, then the
initial and final values should be reasonably close to one another).

It follows from Fig. 4.42 that the memory of the soil moisture stor-
age is reduced when interflow and groundwater discharge are increased.
The irregularity of the plotted soil moisture salt storages also
indicates that the hydrology also has an influence on the running-in
period required.

4.2 Program NACLg2

Output from program NACL@2 for the period 1977.08 to 1978,08 for
the model parameters given in Tables 4.1 and 4.2 were used as input
to program NACL@2., A one month running-in period was allowed, to
warm up the channel routing model, and the period 1977.09 to 1978,08
was then used to test the sensitivity of modelled daily discharges
and salinities from a single reach to changes in model calibration
parameters and channel characteristics.

Fig. 4.43 shows the assumed channel cross=-section.
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The sensitivity of the modelled output from program NACL@2 to changes

in parameters controlling the computational accuracy is described in
section 4.2.1 while sensitivity to changes in channel characteristics
and model calibration parameters is discussed in section 4.2.2.

4.2.1 Parameters controlling computational accurac

The parameters controlling computational accuracy are given in Table
4.3, These values were varied each in turn, while all remaining
parameters were kept constant. Channel characteristics and calibra-

tion parameters were maintained constant at the values given in
Tables 4.4 and 4.5 of section 4.2.2.

Table 4.3 1 Comgutational accuracy parameters

Eatmtcr NOMAX | ERROR | NSTEP | NMAX | NMIX
fmue 10 0,001 3 10 5

The sensitivity of modelled output to changes in each parameter is

discussed below.

a) NQMAX : Fig. 4.44 shows the relationship among NOMAX, the mean
and standard deviation of modelled discharges and computation time
required to simulate one year using an IBM 370 computer. NQMAX is
the maximum number of iterations allowed for convergence of the water
balance equations (see section 2.3.1(1)). 1f the error does not
reduce to less than ERROR within NQMAX iterations, the time step is
halved and the computation for the day repeated until convergence
occurs. From Fig. 4.44 it can be seen that reducing NQMAX from 10
to 4 has virtually no effect. This is because the Newton-Rhapson
solution procedure is extremely efficient and usually converges with-
in 4 iterations. When NQMAX bescomes smaller, however, the computa-
tional time step has to be drastically reduced in order to satisfy
the convergence criteria and as & result the computation tims rises
sharply. An NQMAX value greater than 5 is therefore recommended.
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b) ERROR : Fiug. 4.45 shcws the effect of the allowable computational
error on modelled discl.arges and computation time. As ocan be seen
varying the allowable error by two orders of magnitude (between
0,0001 and 0,01 metre:;) has little effect upon computation times.
This is because of the very rapid second order convergence associated
with the Newton-Rhapson procedure. Larger errors cause a sharp

drop in computation time but also lead to reduced accuracies, as

can be seen b, the change in the standard deviation of modelled |
daily discharges. The mean discharge is little affected by ERROR,
however, because of the check calculations described in section |
2,3,1(i) which are made to rectify errors in the water balance.

Because ERROR is the allowable mod .ied error in stage, it is re-
commended that it Le set at a value slightly smaller than the ‘
measurement accuracy of the stage recorder used to measure discharges.
A value smaller than one centimetre should therefore be adequate.
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c) NSTEP : The number of computational time steps within a day
required to ensure adequate accuracy for total daily discharges can
be seen from Fig. 4.46 to be not very great. Three steps is quite
sufficient under most circumstances. It should be noted, however,
that under certain conditions stability requirements may necessitate
larger values of NSTEP. A sharply falling recession limb after a
large flood on the input hydrograph may, for example, demand a
larger NSTEP value in order to prevent the reach from being emptied

during a single time step.

The computation time increases linearly with the number of time
steps per day.

d) NMAX : Varying NMAX between 3 and 10 had no effect upon computa-
tion times, nor on the mean and standard deviation of modelled
daily salt loads and concentrations. An NMAX value of 3 is in fact
equivalent to a two-cell model because when the number of cells
reaches NMAX, the first two cells are automatically mixed.
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e) NMIX : As might be expected from the insensitivity of modelled
salinities to the maximum number of cells, the number of cells
mixed when NMAX is exceeded also has little effect. Varying NMIX
between 2 and 8 produced no effect upon modelled salt loads and
concentrations, Computation times were also unaffected.

Part of the reason why changes in NMAX and NMIX have so little effect
upon computational time is that under most flow conditions the

number of cells seldom exceeded three because the discharges involved
are large relative to the reach storage.

b ? The sensitivity of modelled output to changes in NMAX ahd NMIX is

é“ § dependent upon reach geometry, lateral inflows relative to upstream
discharges and reach storage relative to upstream inflows. A 1::90
reach storage, for example, combined wit! relatively small ﬁpntrnam
inflows would require a larger number of cells for adequate water

quality modelling. The relationship between discharges in thi\ccnn o
tral cha.nel and in the flood plain is also an important consideration. 3
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In view of the above considerations a larger NMAX value (say 10)
togother with a small NMIX value (say 2) is recommended. Such a
choice should have little effect upon running costs when discharges
are large relative to reach storage because then the number of cslls
will be kept small by advection through the reach. When through
flows are small, the number of cells will increase with resultant
increase in running costs, but under such conditions the allowable
number of cells cannot be reduced without affecting modelling
acouracy.

4.2.2 River reach characteristics and calibration parameters

Tables 4.4 and 4.5 give channel characteristics and calibration
parameter values for the single channel reach simulated.

Table 4.4 : Parameters used in program NACL@2

ﬁarnnotor Value | Parameter | Value J| Parameter | VuluJ
VLEI® 10,0 | FLEACH 0,50 | consr* 800
RRIG* 5,0 | PLAT* 0,20 | GrLosS o
Ine 20,0 | pup* 0,80 | sLopE* 0,001
0,2 | HSTARY* 1,50 | AMANC 0,04
X 0,7 | consu* 800 | AMANF 0,18

* These are not calibration parameters as such as they can be
mesasured directly.

4+ These are really starting values. Very short running-in periods
are required because of the short memory of the channel routing
nodel.,

Teble 4.5 : Parameters used in program NACL@2

e
&arnnotor ) Month e

#_l o N D J r M A

PRVAP 0,3 j0,3 j0,3 {O,3 |0,3 |O,3 |O,3 |O,]
PIRRIC 1,0 |{,0 1,0 2,0 1,0 {1,0}1,0]1,0

PTRANS 0,30|0,40/0,47|0,50]0,47|0,40|0,30{0,20
s :

The sensitivity of modelled output to changes in model parametsrs is
discussed below,



AVLEI is not a calibration parameter, the
effect of changes in vliei area is still of {nterest. Figs. 4.47
and 4.48 show the effects of changes in AVLEI. The discontinuities
in the plotted galt concentrations for September and August occur
because the modelled discharges cease during these periods (in fact
when discharges fall below 0,005.10°m?/d, salt concentrations are
ignored by the model and are not taken into consideration when com-
puting the statistical properties of modslled salt concentrations;

this avoids misleading results).

a) AVLEI : Although
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From Figs. 4.47 and 4,48 it can be seen that an increase in viei
area leads to a reduction of discharges during low flow conditions
with a resultant decrease in the mean and rise in the standard
deviation. The mean and standard deviation of modelled daily salt
concentrations also increase due to the increased transpiration
losses, as does the standard deviation of daily salt loads. The
long term mean salt load remains constant, although it may vary
during any given year depending upon antecedent conditions. of
particular note is the rise in salt concentrations in January and
the accompanying increase in peak salt loads, resulting from an
incrsase in AVL®I. This is due to the increased salt load accumu-
lated in the viei sponge as a result of transpiration. This salt
is then leached out during the January floods.




b) FETRANS and FEVAP : Figs. 4.49 and 4.50 show the effect upon
model results of two alte:ndtive assumptions concerning FTRANS and
FEVAP, In the first instance FTRANS is assumed to vary seasonally
in a sinusoidal pattern as shown in Table 4.5 and FEVAP is assumed
to remain constant at 0,3, The annual average total gross evapor-
ation is thus assumed to be 60 percent of the gross lake evaporation
(as suggested by Rijks (1969) for an established reed bed). The
second assumption is that FTRANS is zero and FEVAP remains constant
at 1,0. This would be equivalent to removing all the vegetation,
Finally, FEVAP was assumed to remain constant at 1,0 with FTRANS as
per Table 4.5, yielding a total gross evaporation 1,3 times that

Xey.
FTRANS ond FEAP
s par tabdis 4.5

- . FTRANS =0

FEWP = |,00

TDS img/2)
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from an equivalent lake. This is equivalent to assuming th:t the
shading effect of aquatic growth has no effect on evaporation

' rates. Only the first two cases are plotted in Pig. ¢.49. It can o
| be seen from Fig. 4.49 that the effect of the vlei is to reduce ‘ g
low flow discharges during the summer months. Under such condi- g
tions when the flow is confined to the central channel, the reeds S
in the viei continue to transpire, drawing wvater from the ocentral
channel. The assumption that there is reduced evapotranspiration SRR
from the viei during the winter months (see Table ¢.3%) leads to & o
small increase in base flows. This is becauss the transpiration
loss from the vliei is outweighed by the reduction in evaporation
from the free water surface by virtue of the shading effect of the
reeds. During floods, when the flood plain is inundated, the
shading effect of the reeds also reduces evaporation. As & result
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there is very little change in the mean discharge. Removal of the

vliei would also remove the effect discussed in section 4.2,2(b)
whereby salts that had accumulated in the vlei would be flushed
out during floods. In the third case the increased avaporation
reduces mean diascharges and increaces mean salt concentrations.
At the same time the standard deviations of daily discharges and

salt loads are also increased.

Changes in FTRANS and FEVAP have no effect upon the long term mean

salt load, whereas the effect upon the standard deviation of daily

salt concentrations depends upon the input pollutograph.

¢) FLEACH : Figs. 4.51 and 4.52 show the effect upon modelled
salinities of changes in FLEACH. The effect on the mean and stan-
dard deviation of modelled salt concentrations is dependent upon
the input pollutograph. Mean salt loads are unaltered, but the
standard deviation increases as FLEACH increases as this has the
effect of liberating salts stored in the vlei sponge during the
flood peaks, rather than a gradual release during the flood re-

cession.
= FLEACH ="
1000 W e FLEACH
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d) SLOPE : Figs. 4.53 and 4.54 show the effect of inaccuracies in
the measurement of the channel slope. Increasing the slope has no
effect upon the long term mean discharges and salt loads, but does
increase the corresponding standard deviations. The diminished flood
attenuation has the effect of reducing the mixing. As the larger
floods are usually diluted, this means that the reduced mixing has
the effect of increasing salt concentrations if the base flows are
fairly saline (as in the cases reflected in Figs. 4.53 and 4.54).
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e) AMANC : Figs. 4.55 and 4.56 show the sensitivity of modelled
output to changes in the Manning's n value for the central channel.
Increasing AMANC attenuates peak discharges and salt loads. The
corresponding standard deviations therefore decline. Raised water
levels also increase the evaporation loss during the dry season
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with & consequent rise in base flow salt concentrations. Increased
salt concentrations in turn increas- the salt load deposited in the
vlei sponye and lost to irrigation, hence the decrease in base flow
salt loads. Increased inundation during smaller floods in the first
part of the rainy season results in an early release of salts stored

in the vlei sponge. This is reflected in the plots of daily salt

concentrations in Fig. 4.55.

AMANC has little effect upon the mean discharge and causes a small
decline in the long term mean salt load due to an increased irriga-
tion loss caused by higher base flow salt concentrations. The
effect upon the mean salt load during any given year varies accord-~
ing to the antecedent hydrology. The mean salt concentration
generally rises, but thr effect 'pon the standard deviation can

vary.

Koy
——— AMANC= 0,02
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] Fio.4.56: Sensitivity_of modelled meons ond standerd deviations
fo_chanoes _in AMANC.

£) AMANF : The effects of changes in AMANF upon modelled discharges
and saiinities are similar in all respects to those changes in AMANC,
but much less pronounced, and were therefore not plotted. The in-
fluence of AMANF is most marked during the larger floods. The effect
of AMANF during the lower discharges is very small as most of the
flow is confined to the incised channel.

g) Channel geometry : The sensitivity of the model output to changes
in the geometry of the central channel is shown in Figs. 4.57 and
4.38. Channel geometry is not really a calibration parameter but

in many o the examples of Chapter 3 channel cross-sections had to
ke assi'med due to the pauci*ty of data. The effects of inaccuracies

CRWERD 55

SF o

R L e TP B TMET € NTE Bk LT

Tm ey -

Y

o ehail e o i




449

in these ass'.mptions are therefore of some interest.

e size of the central channel can be seen to reduce
£ modelled daily discharges and salt loads,
n increases. The long term mean

of the higher gsalt con-
ation loss. An unex-
discharge as

A reduction in th
the standard deviation ©
while the mean salt concentratio
salt load should decline as a consequence
the associated higher irrig
4.58 is the decline of the mean
the channel area is increased, despite the increased base flows.
This anomaly is due to the increased surface areas during the
heavier rain storms which result in a net gaid of water during the
year simulated. It should be noted, however, that this feature is
a peculiarity of the 1977/78 hydrology and will not always be the

centrations, with
pected feature of Fig.

case,
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Fig.4.58: Sensitivity_of modelled means ond standord deviaiions
fo changes in_channel ggomeiry.

A decrease in the size of the central channel affects the release
of salts from the viei sponge in a manner similar to that of in-
creasing AMANC (see section 4.2.2(e)). The relationship between
channel geometry and the standard deviation of daily salt concen-
trations is dependent upon the input pollutograph.
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