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ABSTRACT

The Pretoria-wWwitwatersrand-Vereeniging (PWV) complex relies for
o water supply on the resources of the Vaal basin, suppiemented

- by importation from the Tugela river. Most of the water

5, supplied to the region is abstracted from the Vaal Barrage, ;
| which is also the sink for much of the water-borne pollution fv‘@
generated in the southern portion of the PWV complex. This
feature of the system has led to an ever-increasing build-up of -4
total dissolved solids (TDS) in the water supplies, resulting S
in substantial economic loss to consumers. Increasing f&
mineralization is ascribable mainly to return of effluents to 5
the Vaal Barrage where the concentrated salts are re-introduced
to the Rand Water Board distribution system. The problem is
exacerbated by the washoff, during the wet season,

of enormous diffuse-source salt loads, leading to intolerably
high peak TDS concentrations.

A suite of deterministic mathematical models has been developed,
‘ and successfully tested, with the aim of predicting the

3 anticipated severity of mineralization problems of the future

i and of facilitating objective comparison of the merits of
various ameliorative measures.

The first of the suite is the daily washoff model, designed to
simulate daily catchment runoffs and associated daily diffuse-
source salt washoff. Basic input is daily meteoroclogical data.
In the model account is taken of both surface and sub-surface
flow processes. Calibration of the model perameters for each
of the twelve sub-catchments comprising the southern PWV region
was effected with records of discharge and water quality at key
monitoring points. A relationship was established betwsen
industrial water consumption and diffuse-source salt generation
rates by means of which pollution levels likely to arise in the
future could be predicted.
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Daily fluctuations of discharge and salt concentration at any
point in the tributaries of the southern PWV region and in the
4‘ Vaal Barrage, as well as water and salt storages in the major
impoundments of the Vaal basin are simulated by means of the
daily feed-back model. A feed-back element is incorporated
which accounts for the mixing of water distributed to each of
- 27 sub-regions of the southern PWV catchment, the addition of
L salts through usage and the routing of effluents, together with
diffuse-source washoff generated by the first model, through
the tributary system back into the Barrage. The transmission
of pollutants through the Barrage is simulated by means of a
: one~dimensional, cell-type level-pool model. This model was
g | used to check the reliability of calibrated parameter values
) used in the daily washoff model by comparing simulated daily
salt concentrations in the Vaal Barrage with those observed at
the Rand Water Board Barrage intakes.

The third model, a simplified version of the daily feed=back

: model designed to operate at a monthly computational time step,
. was developed to facilitate preliminary comparisons of the

e various opticns. This coarse time-step model is relatively
cheaper to run and makes pos~ible the testing of each option
with several different hydrological sequences. Economic
factors relating salt concentration in water supply to costs to
consumers have also been incorporated.

The two feed-~back models were designed in such a way that a
? : wide variety of planning and management options could be
5 modelled with the minimum of programming changes.

. Procedures for comparing, with the aid of the models, the |
L merits of various planning and management options to improve
4 water quality have been evolved and are illustrated by way of
example.
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PREFACE .

The thesis has for the sake of clarity been divided into three
parts, each dealing with one of the major elements of the
Pretoria-Witwatersrand-vVereeniging (PWV) mocel.

Part 1 describes the development of a model which, having
meteorological data as basic input, simulates on a daily
basis the runoff of water and associated salt loads from

the catchment. This model is referred to as the daily washoff
model.

Part II describes a model which can be used to simulate, on

a daily basis, the circulation of hoth water and salt throughout
the PWV complex. Provision is made for modelling the feed-back
effect whereby the salts discharged with effluents from sevage
treatment works, industries and mines, are recycled in the
water supply system via Vaal Barrage. This model is referred

to as the daily feed-back model.

Described in part III is a simplified version of the daily
feed~back model, operating at monthly computational time
step. This is called the monthly feed-back model.

The suite of models is designed for optimising the broad
pPlanning and management of water supplies within the Vaal
basin. The role of each model is elucidated in the text.

For the sake of brevity computer proéram listings and program
user manuals have been omitted. These are documen:ed in full
in the reports of the Hydrological Research Unit to which
reforence is made in the introduction to each Part in the
thesis.
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SYNOPSIS

This report describes a numerical model designed to gtnornto,'
route and aggregate daily catchment runoffs, along with associated
loadlﬁqs of total dissolved solids derived from both point and
diffuse sources. .
Inputs to the model comprise calibration parameters, physical:
features of the catchment and of the channel reaches, point
source effluents, daily rainfall and daily or avsrage monthly

potential evaporation. o |

The model element that generates daily catchment runoffs is an
adaptation of the model developed by Pitman (1976), to which
water quality parameters have been added. Salts are assumed to
accumulate gradually on catchment surfaces from whers they ere
washed off during rainfall events. Pervious catchment surfaces
are dealt with scgaratcly from impervious surfaces and both
surface and subsurface salt movements are modelled,

The channel routing component of the model routes the output from
the catchment model, together with point source inputs, through a
system of inter-~nnected channel reaches. 1Irriga.ion, evapora-
tion and bed seepage losses are accounted for and provision is
made for simulating the behaviour of the extensive reed beds in
-the system, ‘

Sensitivity analyses of the model parameters were performed and
the model was tested on twelve catchments with satisfactory re-
sults. A strong correlation between industrial water supply
and calibrated salt generation was established.

Guidelines to calibration procedures as well as worked examplss
are provided and the report contains a comorshensive user manual
for the relevant computer programs,
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APTER 1  INTRODUCTION

l.1 Motivation

In 1975 the Water Research Commission initiated a study of the
Pretoria-Witwatersrand-Vereeniging (PWV) Complex in regard to
existing and incipient problems of water supply, waste water
management and pollution control. Increasing mineral pollution
of the water resources of this highly urbanised region was froum
the start recognised as a major problem. Of particular concern
to the water supply authorities has been the increasingly
frequent occurrence of transient TDS peaks at the RWB Vaal
Barrage intakes. These peaks are usually of one or more days'’
duration and occur during the wet (summar) season when the
tributaries of the southern PWVS catchment are in spate, giving
rise to a pronounced "first flush"” effect when salts stored on
the catchment are washed out. These salts are derived from
both point and diffuse sources. The major point injections are
effluent returns from sewage works and groundwater numped from
mines. These can be readily identified and the flows ond total
Ssalt loads can be estimated with reasonable accuracy.

Many studies have indicated, however, that a significant pro=-
portion of water pollutants of all categories are derived from
nonpoint sources (Ackerman et al., 1978), (Council on Enviro-
nental Quality, 1972), (Vitale and Spey, 1974), (Whipple et al.,
1871), (Bryan, 1971), (Weibel et al., 1964), (Lester, 1978).

For the southern PWVS region in particular it was found that more
than SO percert of the dissolved solids entering the Vaal Barrage
via the tributaries during the hydrological year 1977/78 were
derived from nonpoint sources (Herold et al., 1980).

Diffuse source pollutant loads cannot be measured directly and
have to be estimated by subtracting known point source loadings
from the total measured loads at stream monitoring points. Most
of the streamflow gauges in the heavily polluted tributaries
draining the southern PWV catchment are, however, rated only for
low flows and records are both short and intermittent. Further-
more, prior to September 1977, only weekly (in some cases monthly)




1.2

grab samples of the tributary water were analysed. A means of
patching and extending the available record was sought, in the
first instance, in order to establish salt concentration fre-
quency distributions and annual salt loadings at key points

in the catchment so that problem areas could be identified.
The patched data could then be used to simulate the effect on
the system of various management and planning options for the i
abatement of water pollution.

The mathenatical catchment model developed by Pitman (1976)
presented a ready means of patching and extending the runoff
records using available meteorological data. The Pitman model
was developad specifically to suit the climatic conditions of
authern Africa. It has been extensively used with success
and has gained wide acceptance.

Introduction of a water quality component to the model, however,
required a fresh approach., A water quality model capable of
simulating the behaviour of both point and nonpoint source
dissolved solids was needed. Statistical models were rejected
as inappropriate in view of the paucity of data and the complex
interrelationship between the behaviour of the many tributaries
and that of the major impoundments. Such models employ para-
meters that are devoid of any physical meaning, and therefore
it is meossible to draw conclusions as to cause and effect:
these models are thus incapable of predicting the consequences
of adopting many of the management options that may be open. A
deterministic model seemed the only acceptable alternative.

A vast array of deterministic water guality models are available,
but none was found to be appropriate to the problem at hand., .n
the literature a great deal of emphasis has been placed upon the
urban environment, with particular reference to the storm water
management problems associated with combined sewer systems. These
models, of which SWMM (Metcal)f and Eddy, 1971) is perhaps the

best known, are usually designed to operate at extremely short
time steps (of the order of minutes) and require vast quantities
of highly detailed input data. The enormous data preparation

and computer costs involved in applying such detailed models to
the complex PWVS region would be quite prohibitive.
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SWMM is moreover an event-orientated model, not intended to be
used for continuous long-term simulations. Some models, such
as STORM (Army Corps of Engineers, 1975) and HSP (Hydrocomp,
1975) are continuous simulation models, but neither adequately
represents *he processes occurring in the pervious parts of a
catchment. Although most of the pollutants are usually gene-
rated in urban areas, it is highly simplistic to assume that
they are confined within the boundaries of the paved portions
of the catchment,

Much of the generated pollution can be expected to be deposited
on pervious catchment surfaces, particularly in the case of
conservative pollutants derived from atmospheric fall-out. The
importance of this largely overlooked process is highlighted

! in the case of the tributaries draining the southern PWVS region
where it is found that several of the floods subsequent to the
first flood of the wet season continue to exhibit high salinities
throughout the season. Fig. 3.29 of section 3.2.2 which depicts
streamflows and salinities at monitoring point N8 on the Natal-
spruit illustrates the point very well. The 1977/78 season

was an above-average wet year, yet even the flood in February, a
. full five months into the wet -son and immediately following
the biggest flood of the seas. .. in late January, produced
salinities approaching 1000 mg, ' .

This persistence in the pollutogranis is most likely due to the

effects of salts stored in the soil moisture and in the ground-

water, because gutters and parking lots in the urban areas would
by this stage have been well and truly flushed. There was to be
found in the literature no model that paid sufficient attention

to these important processes. *

* One of the most nearly applicable models that could be traced

was the Nonpoint Source (NPS) model (Donigian and Crawford, 1976)
but this model, although it takes account of sub-surface processes
to model streamflow, does not take these processes into con-
sideration when modelling the movement of polluLants. Sediment
and sediment-like material are used as the basic indi~ators of
nonpoint pollutants (Litwin and Donigian, 1978); in other words,
washoff is treated as a pure': surface phenomenon. This assump-
tion is reasonable for particulate matter such as B,0.D., but is
Completely inappropriate for soluble salts.

k-
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The result was a decision to proceed with the development of a ;

i B
water quality model that could take due cognisance of sub-surface y“w
processes. i

1.2 Program NACL@1 :

The size of the catchments concerned (231 to 1119 km?) indicated ‘ }
that a model operating at a time step of the order of one day
would be most appropriate. Examination of available hydrographs

v g s el
(2 -5 LR R SN

*,
e

and pollutographs at key points confirmed that most of the flooAd ‘;
events and peak salt loadings were of more than one day duration. ;%
Data limitations in any case prescribed the daily time step as -

being the finest time resolution that could practically be
adopted. The Pitman model (Pitman, 1976), which had already
proved its capabilities, therefore became the obvious choice for .
adaptation into a water quality model both in terms of its ' ‘
proven reliability and in view of the author's familiarity with
it,

e

The Pitman model uses meteorological data (rainfall and evapo-~
ration) discretised at daily intervals, and incorporates analogues
to describe sub-surface processes. Conservative pollutant

water quality processes were included in the model and the
modifications are described in section 2.2.

1.3 Program NACL@2

A channel routing model was developed to route the output from
the washoff model along with known point-source effluents turough ‘
. 1 the tributary system. Particular attention had to be given to ‘;ﬁ
b the routing of water and salts through the extensive viei (reed A
P B bed) systems of the upper Klip and Suikerbosrand rivers (some
3 of these reed beds are over 50 km? in extent and play an im-
portant role in the routing process). This model is discussed
- § in section 2.3. |

- | Criteria used to test the model are discussed in section 3.1 e
while section 3.2 gives details of the tests performed. S8ection
3.3 deals with the correlation between calibrated diffuse source
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eral catchment characteristics. The

salt generation rates and sev
parameters for the twslve test

verification of calibrated model
catchments is described in section 3.4.

The sensitivity of modellad output to changes in the calibration

paramsters is discussed in Chapter 4 and Chapter 5 gives guide-

lines for calibration of the model.

of the data used as input to the model and a comprehsnsive

Dstails
manual for computer programs are given in HRU report No.

users'’
3/81 (Herold, 1981).

1.4 Programs NACLg3J and NACL23

NACL@E3 is a program to produce a line-printer plot of observed
end modelied daily dischazges, salt concentrations and salt loads,
whils NACL23 produces an equivalent plot using a CALCOMP plotter.

RANKGL is a program to produce a line-printer plot of duration
curves of obssrved and modelled daily discharges, salt concsntra-
tions and salt loads, while RANK@2 produces an equivelsnt plot
using a CALCOMP plotter. RANKG3 processes the output grom NACLS2
into a form suitable for use &s input to RANK@Z. .

All programs are written in FORTRAN IV and have been dsveloped

for an IBM 360 or 370 system.
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‘GHAPTER 2 THE DAILY WASHOFF MODEL
2.1 Introduction

In this chapter the mathematical analogues rep: .-inting the
hydrological cycle and the movements of dissolved solids through
_the catchment environment are presented.

-Reinfall-zunoff processes and the accumulation, storage and rs- .
lease of salts in the catchment are described in section 2.2 M i
_While the channel routing model is described in sectiom 2.3.

- .
. e s -

2.2

?hae portion of program NACLE1l which generates the daily cetchment
..zunoff from meteorological data is based on the Pitman model. < T
' ‘put comprises daily precipitation and monthly (or daily) poteatial
evaporation. The initial soil moisture state is specified and

<:%Re 804l moisture and groundwater storage budget is nginea&ao@
throughout the simulation.

:ntoseuptxoa losses are subtracted from the datly precipitation. *

Dopzcssion storage does not constitute & spscific componsnt of the

dsily models depression storage effscts are taken cars of in the
<-gqsumed spatial distridution of catchment permeabiliicy.

Reinfall excess on impervious surfaces that are in dirsce coamunl-~
eation with the drainage lines becomes surface runoff. On pezvious
-sgerfaces, part of the rainfall excess enters soil moisturs stozage

where it is subjected to evapotranspiration, and the remainder -
becones surface runoff.

"A‘portion of the water in the soil moiicture percolates to ground-
wvater storage. Water in groundwater storage is not sudject to
. Syapotranspiration but contributes to streamflow. A fuaction is

3 | " ineluded in the model to sllow for losses to deep-seated ground-
1 j water,

A R i P e o A
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Fig. 2.1 depicts the operation of the model. Model processes
are in most instances identical to those used by Pitman (1976).
For the sake of completeness the salien. features of each are
discussed here. Attention is drawn to the modifications that

have been made by the author; these are described in detail.

a) Precipitation

For rainless days a computation time step of one day is used. On
rain-days the rainfall duration is estimated by the equation "
derived by Pitman (1976) '

buration (h) = AA + BB x rainfall (mm) T ¢ TP §
where AA and BB are constants.

The duration as determined by equation 2.1 is rounded to the
nearest whole number of hours. Pitman (1976) found, after
analysing a plot of daily rainfall against duration for an auto-
graphic rainfall recorder at Pretoria, that values of 0,96 and
0,14 for AA and BB respectively fitted the observed data. Values
suited to conditions elsewhere can be derived from analyses of
local autographic rainfall records.

After the rainfall duration has been calculated, the daily rainfall
total is disaggregated into hourly values. The allumption is made
that the onset of rain coincides with the beginning of the day.
After cessation of the storm a single time step of n hours is

used, where n = 24-(rainfall duration).

The distribution of the rainfall within the estimated rainfall
duration period is calculated assuming an S~shaped 'nass curve of
rainfall as indicated in Fig. 2.2.

From the relationship derived by Pitman the mass curve can be
represented by: ‘

x!
x2+(1l=x)?

..00.0'...000(202)

cumulative precipitation
total precipitation

vhere y =

cumulative time
totel time

L BEReT RS
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Cumulative roin as portion of totol—(Y)
o
o

°3 0,8 1,0 ;
Cumulstive time as portion of total time - (X) -
Flo.2.2: Assumed fypical ¢ 3 curve for roinigi :

Subtraction of successive cumulative hourly rainfalls from one
another yields the hourly rainfalls to be used in each computa-
tional time step. Equation 2.2 is used for rainfall durations in
excess of 2 hours. For a two-hour duration storm the hourly falls
are taken to be 20% and 80% respectively of the total rainfall.
Pitman's equation 2.2 was also derived from his autographic rain-
fall records (Pitman, 1976).

The assumption that rainfall always commences at the beginning of
the day is obviously simplistic, but the only alternative is to
include a random distribution component to disaggregate the rain-
fall intn hourly events. This, however, would make the model
more cumbersome and render calibration extremely difficult. How,
for instance, could the user evaluate the effect of a parameter
value change if successive simulations, even with identical para-
meter values, produce different flood peaks due to dissimilar
dissaggregation of daily rainfalls? There would appear to be
little justification for changing Pitman's assumptions.

=T PETTTE T s,

b)  Interception

Before runoff or infiltration can occur, vegetation and soil sur-
faces must first be wetted. pitman's assumption was that a small,
constant interception storage (PI) must be filled before either
infiltration or runoff can occur and that interception storage is '
depleted at potential evapotranspiration rate. %
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c) Infiltration and surface runoff

All rainfall in excess of that required to fill interception
storage on the impervious portion of the catchment (AI) is assumed
to contribute to surface runoff. AI is defined as that portion

of the catchment which is both impervious and in direct communica-
tion with the watercourses,

Cognisance is taken of the fact that permeability and hence infil-
tration rate vary spatially, even for the most nearly uniform of
catchments (Pitman, 1976). 1Infiltration rates over the pervious
portion of the catchment must therefore be assumed to follow a
frequency distribution. A triangular Aistribution identical to
that adopted by Pitman (1976) is postulated, as represented in
Fig. 2.3a, in which:

21 = minimum infiltration rate (mm/h)
23 = maximum infiltration rate (mm/h)

22 = mean infiltration rate (mm/h)
= k(zl+z3)

shaded orec = y

o2

R AR -




Cusalative frequency (y)
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Fig. 2.3b is the corresponding cumulative frequency curve.

1,0

0,0

shoded orea =
surfoce runoff

!

¢ = roinfoll input rote

Fig. 2.3b Cumuigiive frequency_curve

Recognising that the area subtended by the frequency curve must
equal unity it may be seen from Fig. 2.3a that:

H = 2/(23-21) .

The cumulative probability y of any absorption rate £ is given by
the shaded area in Fig. 2.3a. From the geometry, y is given by:

y = 2(2-2,)%/(3,-2,)? (for < 2,)
2(z3-z)’
(23-21)

For any given excess rainfall input rate REFF the surfecs runoff
rate QVELD is represented by the shaded area in Fig. 2.3b.

Hence for z1 ¢ REFF ¢ 22

QVELD = z{’“‘"z(z-zl)’/(z,-zl)'.az

i
i
i
]
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- 3
(REFF Zy)

2
i.e, QVELD = !
- 2

(23 zl)

Thus, when REFF = zz,
QVELD = i (2.-2,)
17 **37%1

Hence from symmetry in Fig. 2.3L:

for 2, $ REFF< 2

l..ll.l.'l..‘.‘.(2.3)

- ] '
2(23 REFF) !

2 3’
1 - - - 1 - -
QVELD = v (23 Z,)+(REFF Z,) {II(ZB z,) 5-1;;:3177 }
N 2 (24~REFF)*
i.e, QVELD = REFF = 7(21*23) +

3(z3-zl)2

and for REFF > 13,

QVELD = REFF minus average catchment

i.e. QVELD = REFF - % (2, +2,5)

veeecens (2.4) ;

infiltration rate

s8000 000 (2.5)

Thus, for any given rainfall input rate, the corresponding surface
runoff ia determired by the minumum and maximum infiltration rates
81 and zz. z1 and 23' however, will be influenced by the we‘ness

of the catchment. 1Infiltration rates generally
increasing duration of rain,

The functions used by Pitman (1976) to relate infiltration rates

to soil moisture storage have been adopted:

Z, = 4.ZMAXN,2" (2°5/8T)

ZMINN
and 2 * IWARN ‘%3
where BSMAXN = nominal maximum infiltration rate (mm/h)
ZMINN = nominal minimum infiltration rate (mm/h)

8 = s0il moisture storage (mm)
ST = soil moisture capacity (mm)

decrease with

0000000000(2.6,

00.000'000(2.7)

I .
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The assumption implicit in equation 2.7 4is that the ratio 2

2
3'%)
remains constant for all soil moisture storage states,

On pervious areas all precipitation in excess of the interception

storage that does not give rise to surface runoff enters the soil
moisture storage.

Equation 2.6 is represented in Fig. 2.4

4,0

23 -t
ZMAxXN 2(2.8/87)

23 1
ZMAXN

2,0 ¢

1,0 1

S/87

Fig_ 2.4 Reigtionship_between infiltration copagity gnd

Infiltration rates and surface runoffs are computed on an
hourly hasis.

d) Interflow

Studies by Fritz et al. (1976) and Sklash (1978) of the movement
of isotope tracers have revealed that a large proportion of storm
runoff is attributable to a rapid groundwater response. It is

not clear whether this rapid response is due to the process postu-
lated by Sklash and Farvolden (1979) in which partialil saturated
soils become quickly saturated thereby causing a 'groundwater
ridge' with a consequent near instantanecus response of grovad-
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water already in a 'discharge position', or the effect of the
rapid conveyance of infiltrating water through cracks and fissures
where salts present in the soil moisture, or previously deposited
in the soil matrix, are transported laterally to re-appear as
surface runoff, as suggested by Kennedy (1977). More than likely
both of these mechanisms are at work. What appears certain, how-
ever, is that some form of interflow or rapid groundwater response
must make a significant contribution to the salt load present in _
surface runoff., In the southern PWVS region, for example, by far ‘ @
the greater proportion of the rainfall becomes infiltration while
only a small fraction gives rise to surface runoff. If the washoff
salt load is divided in these same proportions then most of the
salts should end up in the groundwater resulting in groundwater

and baseflow salinities several times higher than those observed,
unless there is some mechanism by which these salts can be flushed
from the soil during storms., *

e D AR

In view of these findings an interfiow process has been introduced 4
into the Pitman model whereby it is assumed that a proportion of
all surface runoff from pervious surfaces is derived from inter-
flow. Sklash and Varvolden (1979) found in their study catchments
that for a very wet basin both overland flow and stream flow were
dominated by groundwater, while for a dry basin runoff was domi-
nated by rain water.

It is therefore assumed that when the soil moisture storage, 8 is
at full storage capacity ST the interflow component QINT is squal
to a maximum proportion PINTM of the surface runoff QVELD, and ”
that the interflow component decreases linearly to zero when the 43
soil moisture storage is empty. This assumed relationship is :
represented in Fig. 2.5. The controlling equation is thus:

* Earlier versions of the washoff model did not take account of
interflow and, as a result, salts tended to accumulate in the
soil moisture and groundwater storages, leading to unacceptably
high modelled salinities. The small baseflows did not provide
sufficient through-flow to reduce salinities to observed values.
It is also unrealistic to assume that the surface flow component
carries with it a disproportionallv higher share of the load

. ,an that infiltrating to the soil moisture as both are drawing
salts from a common source.

S e
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s
QINT = % -(-S-‘é,%—’- PINTM.QVELD Y ¢ 39 -3

where S = soil moisture storage at start of time step At
s’= soil moisture storage at end of time step At

PINTM 1 —
i
i ’
o .
o I ,
Zlw
Si3
S
!
!
1
! ° 8T
i $+ S
| 2

Fig. 2.5 Relotionship_ Detween intarfiow, surface runoff
ond_soil mixture

e) Potential evapotranspiration

Lake evaporation is calculated from Symons pan evaporation datea.
Based on studies made by Kriel (1963) and Barker (1965), Pitman ;
(1973) concluded that lake evaporation could be estimated from
Synons pan data as follows: for the period July-October a pan

. coefficient of 0,8 would be acceptable, while for the period

J , November-June the coefficient would be practically unity. The
9 model has been written in such a way that Symons pan evaporation !
fh values are automatically adju.ted by these factors. '

4“ ' The original Pitman model uses mean monthly evaporatjon data as
3 input. This has been modified to allow either mean monthly or

} observed daily Symons pan evaporation values to be used. In the
1 latter case mean monthly pan evaporations, averaged over the

| catchment, are still read in as well as mean monthly evaporations
for the reference gauge used. This permits the daily pan evapo-

= %m‘ “E"lij-'” ‘”':




2.1

rations for the reference gauge to be weichted according to the
mean monthly catchment and reference gauge evaporations.

If so desired, the daily evaporations from several Symons pans
within the catchment can be averaged and fed in as the daily
evaporation input to the model. 1In such event the mean monthly
catchment and reference gauge evaporations should be set equal to

each other, thereby effectively setting the weighting factor to

unity.

As a rule, however, evaporation stations having sufficiently long
daily evaporation records are scarce and one is obliged to use
average values.

£) Evaporation from the soil moisture

The relationship used by Pitman was modified by the introduction
of soil moisture storage SE below which evaporation is assumed to
cease. This additional feature was included in order to maintain
realistic soil moisture salinities towards the end of the ary
season, when modelled base flows would otherwise tend to rise to
unacceptably high values. The relationship between soil moisture
storage and evaporation from the soil moisture is depicted in
FPig. 2.6. Soil moisture evaporation is assumed to take place at
the potential lake evaporation rate PE when the soil moisture S
is at full capacity ST. The potential evaporation rate PE is
either obtained from a data file of daily potential evaporation
or calculated from mean monthly evaporation values, depending upon
the data input option chosen.

The function controlling soil moisture evaporation E is as follows:

ESOIL - pg%gg%'y N NN R (2.9)
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QPERC

! where SL

! f 8T
$ | POW

3 ‘ A

Wi L

I N

s0il moisiure storoge , S {mm)

g) Percolation of soil moisture to groundwater storegs

Pitman's simple power curve is adopted to relate percolation QFERC
| to soil moisture conditions:

)POW

A(S"3L XEEEXEX NN (2.10)

soil moisture storage below which no pszcolation
occurs (mm)

soil moisture capacity (mm)

power of the QPERC-8 curve

constant

This relationship in represented in Fig. 2.7.
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FT

QPERC = A ($-8L) POV

Pevesiation — QPERC (mm/doy)

SL T
8o0il moisture — S (mm)

Fle.2.7; Soil moisiure - percolation relgtionship.

pefining PT as the percolation at soil moisture capacity and
substituting QPERC = PT at S = ST in equation 2.10 yields:

A.-——n-—-m
(8T-8L)

Thus equation 2.10 becomes:

s‘gx‘ o.ooooocoooonoo(2011)

POW
QPERC = FT ]
When the soil moisture capacity is exceeded, part or all to the
excess is added to the groundwater storage GWS. The remainder of
the excess is added to the surface runoff,
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h)  Groundwater discharge and losses to deep groundwater

The assumption is made that the total loss of water from the
groundwater storage GWS (i.,e. groundwater discharge plus loss to
deep-seated groundwater) can be represented by a function similar
to that employed by Pitman (1976) to determine groundwater dis-
charge alone. The recession constant Kr is determined by the
equation:

Kr = GW VGWS;ST ..........o...(?.l?)

where GW is a constant. The model parameter GL is the reciprocal
of GW and has the units of days. Equation 2.12 is depicted in
Fig. 2.8.

Kr = GW * /JGWS/;‘F

!
(GwS= $T)

Rocssion censtent (doily) - v {¢~1)

Groundwater sioroge {mm)

Fle.2.8: Recsssion consiont ~groundwater storags relgilonship,

Total groundwater outflow over a one-day period GWPFT is then
given by:

GWFT = Kr.GWS
= GW.GWS Y. gp-1

or GWFT = GL™!.GWsY:. gr=it ceevesoscsess(2.13)

No upper limit is placed upon the value of GWS.

The Pitman model was also modified to allow for the loss of water
to deep-seated groundwater GWFD., This is determined by the para~

meter DGL, viz. the proportion of the total groundwater outflow
that enters deep groundwater:

GWFD = GWFT.DGL oooooooooooooo(zol‘)
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2.1

The deep-seated groundwater discharge is regarded as having been
lost to the system and the concept is applicable in instances
where it is known that extensive dewatering is taking place, for
example, in association with mining activities,

The groundwater discharge to the drainage system, GWF. is
calculated as:

GWF = GWFT-GWFD nuooooonoooto(ZolS)

i) Time delay and attenuation of runoff

The calculated instantaneous runoff is lagged by means of the
parameter LAG, which has units of days.

Attenuation of surface runoff is achieved by means of the Muskiigum
equation (U.S. Corps of Engineers, 1936) which can be written as:

02 = Co'Ol*Cl'Il'*Cz' Iz ......-......(2.15)

« K-K-x-hAt
"h‘t. Co m (R R NYNNNEY (2017)
e Kex+hat
cl x‘x.x+ t O..!O:.......(z.la)

=Kex+hAt
cz L ] m 00.0000000000‘201”

where O = gurface runoff at catchment outlet
I = surface runoff input
At = routing pericd (= 1 day)
K = gtorage factor
X = weighting factor

Subscripts 1 and 2 to I and O refer to the previous and the current
day's runoffs respectively. The storage factor K has the units of
time and is denoted by the model parameter TL. The factor x is

set to zero for reservoir-type storage attenuation. Hence equations
2.17 to 2.19 become:

CO - TL: A: .......‘.....(3.20)
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At
and Cl = %-m./\—t ...........-(2-21)

In the Pitman model equation 2.16 is used to routes instantaneous
runoff all the way to the catchment outlet. In the author's moc : .,
on the other hand, routing is accomplished by means of the channel
routing model (see saction 2.3). 1In this context therefore
equation 2.16 is used only to route runoff as far as the main

river channels. For this reason the parameter TL should be smaller
than would be the case when using the Pitman model. (If the channel
routing step is not used, however, then higher TL values are more
appropriate) .

2.2.2 Salt washoff modelling

The water quality phase of the model has been introduced lb&ci!i-
cally to represent the generation, storage and transport of total
dissolved solids (TNS) derived from diffuse sources. Although the
model was developed primarily to simulate the mass balance and
fluctuations of TDS, there is no reason why it should not be em-
ployed, if necessary, to model the wash-off of any conserva-

tive constituents of polluted streamflow, such as sulphates,
chlorides or possibly even sediments.

Precipitation is assumed to have an aasociated constant background
TDS, vis. CONCBG. Conservative pollutants (in particular, dis-
solved solids) are assumed to accumulate gradually on the catche
ment surface from where they are removed when runoff occurs. These
accumulated salts have been divided for the purposes of modelling
into two broad categories: (a) those stored or paved surfaces and
(b) those on pervious surfaces. In both cases the pollutant store
may be recharged at a rate which may be steady or vary with time.

Salt washed off paved surfaces is assumed to enter the river
system directly and is therefore routed with surface runoft. That
washed off pervious surfaces is split in proportion to the direct
surface runoff, interflow and infiltration components derived in
section 2.2.1. Direct surface washoff is routed in the same manner
as washoff from paved surfaces, while the remaining washoff load
enters the soil moisture storage.

Interflow transports salts back into surface runoff at the current

LR R T O o R Y

1
o Ak
(d
)
Ly
i
&
i
i

:

;:é

i

{




217

soil moisture salinity. Salt stored in the soil moisture can also
move into groundwater storage and thence tc the stream with the
groundwater outflow. Provision is made for the gradual leaching
of salt into the soil moisture and groundwater from the surround-
ing soils, and for the deposition of salt in the soil matrix as
evaporation depletes the soil moisture storage and subsequent
solution of salt as the soil moisture storage increases,

Fig. 2.9 illustrates the processes involved.
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(a) wash-off from impervious urbanised surfaces

A basic assumption made here is that the urbanised area of the
catchment may be represented by AI, the parameter defining the
impervious portion of the catchment. As human activities are
known to have a prufound impact upon the generation of diffuse-
source pollutants, it was considered appropriate to differentiate
between pollutants emanating from areas of highly concentrated
human activity (urban areas) and those from the remainder of the
catchment. Urban areas also warrant special consideration be-
cause of their extensive paved surfaces which are linked directly
to the drainage system. It is logical to suppose that high runoff
efficiencies from such paved surfaces are just as likely to be
associated with high pollutant removal efficiencies.

It is assumed that at any instant the pollutant load stored on
the urbanised surface (and in the atmosphere immediately above
it) and available for removal is equal to SALTU, in t/km® of
urbanised area.

It may be assumed also that this storage is depleted primarily
during those precipitation events which result in runof:! from the
urbanised surfaces and that during such events the losd picked

up per unit area, d(SALTU), within time interval 4t is propor-
tional to the instantaneous storage SALTU. This gives cise to
the first order differential equation:

- gz SALTU = K.SALTU onoooooooooooo(zozz,

Integration for the interval At yields:

SALTU=SALTU ‘= SALTU: (l=exp (=KAt)) cesessesesesse (3,33)

where SALTU’Z = pollutant stored per unit area at end of time
step At (t/km?)

X = constant (d'1 when At is in days)

With the further assumption that K is proportional to QURBAN,
the runoff from the urbanised (impervious) arsa in mm/d:

K b APARU.QURBAN .....'........(3.2¢)

where APARU is a constant of units mm"1
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Thus from equations 2,23 and 2.24 the total wash-off of TDS from
impervious areas, WASHU, during time step At is given by:
WASHU = SALTU.AREA.AI.(l-oxp(-APARU.QURBAN.At))........(2.25)

where AREA is the total catchment area in km? and WASHU is in

ton units.

Fquation 2.25 is similar in form to that developed by Metcalf and
Eddy (1971) in SWMM (Storm Water Management Model). Equation 2.25

is depicted in Fig. 2.10.

'.01 -

WASHU .
AREA A SATTU " |~ S*9(-APARU-QURBAN-A 1)

WASHU
AREA- Al-SALTY

Urbon runoff, QURBAN (mm/¢@)

Big.2.10; Relationship be!

The urban salt storage can be replenished via fall-out from
atmospheric pollution, abrasion of surfaces, refuse, faecal de-
position etc. During any given calendar year the recharge of
the urban salt storage is assumed to be proportional to time.
Hence the recharge per unit area, ru(t/km’). is given byt

tu = BPARU.At ............(3.26)

where BPARU = recharge rate (t/km?/d)
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The mass balance equation for salts stored on impervious urban
surfaces can then be written as:

B L b JE DT

SALTU’ = SALTU+BPARU.At-SALTU. (1-exp (~APARU,QURBAN,.At)) ... (2.27)

Equation 2,27 is a valid approximation provided that BPARU << SALTU.

e e e ot S 5 b ST S

%“ Thus the salt storage builds up gradually during dry spells and
- is depleted when runoff occurs to a degree dependent upon the
magnitude of runoff. The process is illustrated in Fig. 2.11,
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- Fig.2.1 Hypotheticol exomple illustrating the varigtion of
salt storage SALTU with time,

_ The recharge rate BPARU would vary widely depending upon such fac- !
! 5 tors as the nature and degree of industrialisation, density and

: economic activity of the population and the methods and efficiency
of waste disposal.

RS

Dynamic conditions may be simulated by means of a growth index
GROW which is specified for each calendar year simulated. The 5
recharge rate applicable tc any given year is then computed as:

BPARU = amauo.gﬁ% Cevenseesees(2.28)
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where BFPARUG = urban recharge rate during first year of
simulation (t/km?2?/d)
GROWO growth factor for first year of simulation
GROW = growth factor for current year of simulation

i

The growth factor may be any index of the state of development of
the catchment that is indicative of the rate at which salts are
generated. For the catchments of the southern PWVS region the
industrial water supply was found to be the best index of salt
generation (see section 3.3).

The entire salt load washed off paved surfaces, together with
that associated with the precipitation, is assumed to enter sur-
face runoff.

The total salt load emanating from paved surfaces, SURBAN (t), is
thus computed as:

3

SURBAN = WASHU + QURBAN.CONCBG.AREA.10~ csssecssences (2,29)

(b) Wwash-off from pervious catchment surfaces

Wash-off from pervious catchment surfaces is presumably derived
from material stored in the atmosphere above the pervious portion
of the catchment, salts stored on foliage and other catchment
surfaces, including mine dumps, and in the upper layers of the
soil through which interflow occurs, and in dry stream beds.

Salt storage is replenished through weathering of catchment sur-
faces, agricultural practices, refuse, atmospheric pollution,

faecal deposition and so forth.

Equations controlling the wash-off and recharge of salts are
assumed to be similar to those for impervious surfaces.

The corresponding wash-off equation for pervious surfaces is:
WASHY = SALTP.AREA. (l'pr (~APARP.REFF.At) veessesssss (2430)

where SALTP = salt load stored per unit area of pervious
catchment at start of time step At (t/km?)
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WASHP = salt load washed off pervious surfaces during
time step At (t)
APARP = constant (mm 1)
For AI << AREA, equation 2,30 can be re-written as:
WASHP = SALTP.AREA, ( l-exp(-APARR.REFF.At)) .vceeseee(2.31)

The mass balance equation takes the form:

SALTP’ = SALTP+BPARP.At - SALTP (1~exp (~APARP.REFP.At))....(2.32)

where SALTP/= salt load stored per unit area .f pervious
catchment at end of time step At (t/km?) ;

2 ’ i

BPARP = recharge rate (t/km /d) 3

For dynamic conditions BPARP is computed for each calendar year
"in a manner similar to that for impervious surfaces:

BPARP - apAnpo.gggaa

0..000000....0..00.(2033’ ’

where BPARPO = pervious surface recharge .ate during first
year of simulation (t/km?/Q)

Using the same growth indices for recharge on both pervious and
impervious portions of the catchment implies that the ratio of
salts generated on these two categories of catchment surface re-
mains constant with time.

The washoff from pervious catchment surfaces, together with the

f salt load aosociated with the background TDS of the precipitation,
N is split into two components which anter surface runoff and the
soil moisture respectively. SINF(t), the portion that enters

« soil moisture storage, is computed as:

SINF = (QINT+QINF). (WBSHE | oNCBG.AREA.1073) ....0...(2.34)

where QINF = net infiltration during time step At (mm)
= REFF - QVELD
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The salt load that directly enters surface runoff, SVELD(t),
is given by:

WASHP
REFF

SVELD = (QVELD-QINT) . ( + CONCBG.AREA, 10-3) AR (2035)

c) Salt balance in the soil moisture

It is assumed that salt enters the soil moisture storage via
infiltration and interflow and through leaching, and leaves as
percolation to groundwater and interflow. Allowance is made for
evaporation-induced deposition of salt in the soil matrix and

for subsequent re-solution of deposited salt as the soil moisture
storage increases. Complete mixing of the soil moisture is
assumed.

Salt is assumed to be leached out of the soil matrix at a constant
zate per unit of soil moistur storage. The total salt load
leached in time At, SLEACH(t), is thus assumed to be directly
proportional to the soil mois“ure storage, S:

sa0nevses0 e .........(2.36)

SLEACH = ALEACH.S.AREA. At
where ALEACH = groundwater salt leaching rate (t/km?/mm/d)

It is also assumed that as water is lost to evapotranspiration,
part of the salt load is deposited in the soil matrix and is re-
dissolved when the soi)l moisture storage is increased. The salt
load deposited in the soil matrix during time step At, SDEP (t),
is computed as:

SDEP = pnzps.(§§§1¥ ) . SLOAD teeescesenences (24370

.-ere PDEPS = proportion of salt containe¢ in evaporated water
wh.ch is assumed to be depousited in the soil
matrix (O PDEPS S 1)

SLOAD = soil moisture salt storage at start of time
step At (t)

The above relationship is depicted in Fig. 2.12.
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POEPS [ — —— —— = m— mm

P
LOA

Proportion of s0il moisture solt
siorege Geposiied in soil molrix,

The salt load re-dissolved during time step At, SDIS(t), is

computed as:

SDIS =
or SDIS =

where g§/=
S880IL =

o (8’5 8) tecvsesseses (2.38a)
) -

?W;-g .SSOIL (8' > 8’ otoooooooo.o(’o"b,
soil moisture storage at end »f time step At (mm)

salt storage in the dry portion of ths soil
at start of time step At (t)

The salt mass balance equation for salt stored in the dry portion

of the soil 1is

€S0IL =

where SSOIL'-

then given by:

SSOIL*SDEP‘SDIS ocoooocooooo(’o”)

salt storage in the dry portion of the soil
ot end of time step At (t)
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The relationship between the salt load re~dissolved and soil
moisture storage is depicted in Fig. 2.13.
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The implication of ejuations 2.38 is that the re~dissolving of

salt stored in the dry portion of the soil is directly proportional
to the increase in soil moisture storage. It is possible that

the re-solution of such salt could be better explained by means

of a decay equation similar in form to (2.31) with REFF replaced

i by (QINT+QINF). The less complex equations 2.38 were used, how-

| ever, in order to reduce the number of model parameters that have
to be calibrated.

S s aiRES R

:] The soil moisture salt storage mass balance equation is solved

9 in two steps. All contributions to soil molsture salt storage

are first added, then losses are deducted. This is to ensure

: unconditional stability of the salt balarce equations. SLOAD”, the
3 | intermediate soil moisture salt storage after addiag all salt

“ gains and deducting the deposited salt load, is computed as:
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SLOAD” = SLOAD + SINF + SLEACH + SDIS = SDEP .v.esees (2.40)
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The salt load returned to surface runoff via interflow, SINT(t),
is then computed as:

__QINT . SLOADY
SINT = : ++ i oooooocoooooooooa(zc‘l)

+

while the salt load transferred to the groundwater via percolation,
SPERC (t), is given by:

”
SPERC L +PERC .sxeAD ooooonoooo.oooooo(Zo‘Z)

The assumption of complete mixing within the soil moisture gains
credibility when it is considered that, although water and salts
infiltrate in a roughly vertical diraction in such a way as might
cause vertical stratification, the interflow must migrate more or
less horizontally in order to reach the stream. Thus, although
the soil moisture itself may not be well mixed, the water entering
the stream is likely to be pracctically fully mixed. The same
afgument applies to the assumption of ccaplete .ixing within the
groundwater.

The soil moisture salt storage at the end of time step At, SLOAD’(t),
is then computed as:

SLO&D' L SLAOD”- SINT - SPERC tscoes 00000 ‘2043’

d) Salt balance in the groundwater

Salt is assumed to enter the groundwater as percolation from the
s0il moisture and by the leaching of salts from the soil/rock in
the groundwater region. Salt leaves the groundwater storage by
groundwater outflows to the stream and to deep~setted groundwater.
The groundwater is assumed to be completely mixed at the end of

each time step.

The salt mass balance is maintained by the equation:
GLOAD’ = GLOAD+SPERC+GLEACH=SGWF=SGWFD vecasnssases(2.44)

where GLOAD/ = groundwatcr salt storage at end of time step At (t)
GLOAD = groundwater salt storage at start of time step At (t)
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GLEACH = salt load leached into groundwater during time At (t)
= ALEACH.GWS.AREA.At ceescasasccssssees(2.45)
SGWF = salt load entering stream as groundwater outflow
during time At (t)

GLOAD.GWF (2.46)

GW

SGWFD = salt load entering deep-seated groundwater
during time At (t)

. GLOAD,GWFD
T YRR EEEIE NN NN N BN (2.‘7)

8) Routing of surface wash-off

As explained in section 2.2.1, surface runoff is attenuated by
means of the Muskingum equation:

o) - C°°2+C111+c212 T R XXX (2.16)

2

Use of equation 2.16 to route surface water, however, raises the
problem of how to route the associated pollutant load. To avoid
unduly complicating the model a simple empirical method based on
the Muskingum equation has been devised.
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Associated with the surface runoff input I (where I = QURBAN +
QVBLD) on any day, a salinity CI is calculated from the equation:

W'lo3 .............-.(20")

Cl =

D Thus the salt concentrations CI; and CI, (mg/L) , corresponding to
4 runoff inputs I1 and I2 (where subscripts 1 and 2 refer to the

; previous and current days), can be calculated from equation 2,48.

; Further, from previous calculations, CO,, the salinity of the
runoff at the catchment outlet on the previous day, is also known,
f# it can be assumed that the water leaving the catchment outlet
during the current day comprises a mixture of three types of water
having salinities CI,, sz and C°1' mixed together in the same
proportions as I,, I, and 0, to make up O, in equation 2.16, then
the following equation will holds
C001C01 + CIIICIl + CZIZCI2

y , c°2 - 6; .............(2.49)
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where CO, = salinity of the runoff at the catchment outlet
during the current day (mg/L),

Equation 2.49 ensures conservation of mass as C,, ¢, and C, add
up to unity. In effect the salt is routed with its associated
water. This method of routing can be criticised on the grounds
shat with channel storage it is possible during any ons time
intervel to have water leaving the lower end of the channel which
contains none of the water that entered at the upper end during
the same time step. (In other words, under such conditions, the
texrm C,I,CIy should be deleted from egquation 2.49 and the re-
maining terms adjusted)., When it is considered, however, that
equations 2.16 and 2.48 are being used not merely to route water
through a channel but across a catchment, the assumption becomes
plausible. Obviously, during a given time step, that part of the
runoff which is derived from precipitation near the catchment
outlet or near the major river channels will indeed leave the
catchment within the same time step. In any event, little if any
information is available on the exact mechanism and relative
lagging of water and pollutant movements across a catchment sur-
face. Even where reasonably precise relationships can be derived
they are likely to vary widely with local conditions., The adop-
tion of an equation such as 2.48 would therefore seem to he
justified as it is based on assumptions certainly no more sweeping
than others that have had to be made.

The final concentration of the water leaving the catchment, COUT,
is then calculated by mixing the surface and groundwater flows:

COUT - W 00000000000000000(2050)

2.3 Structure of program NACL@2

The channel routing model handles channel storage effects and the
operating program, NACLZ2, is designed specifically to account for
the storage and movement of water and salt through large storage
elements such as the extensive reed-beds encountered in the tribu-
taries draining southwards from the Witwatersrand, No attempt is
made to model water movements with a high degree of hydraulic
sccuracy, as the long computational times entailed in so doing
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would defeat the objective, which is to simulate long sequences
of hydrology and the associated water quality flu( “uations. The
aim has been to devise a simple but effective empirical model:;
the data requirements of anything more complex than this would
becone prohibitive.

Storage effects are handled by introducing one or more interlinked
channel reaches which are treated as linear reservoirs. Each
reach is assumed to comprise a central channel within a flood
plain. Discharges in the channel and through the flood plain are
computed according to the Manning formula and provision is made
for lateral flow between channel and flood plain. Each reach
accepts at its head the outflow from up to three upstream reaches,
together with effluent point flows and part of the runoff from
the catchment within which the reach is situated. The remainder
of the catchient runoff enters the river reach laterally via

the flood plain.

That portion of the inflow which enters the upstream end of the
channel section of the reach is aggregated to form a new cell.
These cells are then advected through the reach. At the down~
stream end of the reach the cells are progressively destroyed,
their contents then contributing towards the input to the follow-
ing reach.

Lateral flows to and from the channel are fed into, or removed
from, each cell in proportion to the cell volumes (i.e. the channel
is assumed to be uniform in cross-section). Allowance is made for
bed seepage losses, irrigation abstractions and return seepage,

as well as evaporation from free water surfaces and evapotrans
piration from reed beds. '

It is hypothesized that due to evapotranspiration salt accumulates
in the sponge-like root zone of those parts of the flood plain
that are covered by reed/heds and that the accumulated salt is
flushed out during floods. This process could be particularly
important in instances where the flood plain is not perennially
covered by water. A salt "sponge" storage function was therefors
introduced.
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Apart from a list of model parameters, input to the model com-
prises an output file from program NACLFl containing mean monthly
potential evaporation and daily runoffs with their salt concen-
trations, and average effluent point flows (with salinities)
entering the upstream end of each reach., 1If desired, monthly
values of effluent flows and salinities may be given.

One or more catchments, each containing one or more river reaches,
can be modelled.

2.3.1 Channel routing model : Water mass bhalance
a) Channel geometry

Each river reach is assumed to have a uniform cross-section.
BC and BT, the channel and - -al breadths respectively, are
specified for various depths .. flow, H. Breadths at inter-
mediate depths are interpolated linearly. The depth-breadth
zelationship is illustrated in Fig. 2.14.
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(b)

(c)

(a)

2.3t

Inflow from upstream reaches

Each river reach may be connected at its upstream end to
as many as three river reaches. The calculated volume of
outflow from each of these reaches during time step At is
simply added to the storage of the reach under consideration.

Effluent point flows

All effluent point-flows entering the :iver system are
aggregated as inflows entering the upstream end of the
relevant reaches. These values are supplied externally
to the model.

Catchment runoff directly into reach

Bach river reach must be situated entirely within a catch-
ment which has been modelled using program NACL@#l, but more
than one reach may be defined within each such catchment.
Bach reach within the catchment then derives catchment
runoff in proportion to the percentage of the catchment
area draining directly into the reach. O0f the runoff enter-
ing the reach directly, part will enter the reach at its
upstream end and the remainder laterally.

The catchment runoff entering the reach at its upstream end
during time step At, QCATU (m'x10%), is then given by:

qoaty = ELAT.QCAT.CUMEC

where PLAT = proportion of catchment draining to upstream
end of river reach
QCAT = catchment catflow as calculated in program
NACLAL (m'/s)
CUMEC = constant
0,0864
NSTEP = number of computational time steps per day

.Q..O..Q...QO‘:OSI’

QLAT (m*x10%), the catchment runoff entering the reach
laterally during time step At is computed as:
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QLAT - %ﬁgﬁm—c' 00000000500000(2052)

where PUP = proportion of catchment draining laterally to
the river reach

Pig. 2.15 serves to clarify the definitions of PLAT and PUP, 1In

the diagram, for reach number 1, PLAT = ;%5 = 0,318 and PUP = ;-85
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(e) Evaporation losses
Net evaporation losses are calculated on a daily basis from
the mean monthly potential evaporation and the daily rainfall.
The potential evaporation, PE(mm/d), is multiplied by a
monthly evaporation factor FEVAP in order to account for the
reduction or increase in evaporation as the result of the
influence of the extensive resd beds covering large areas
of some of the reaches. The equationc governing evaporation
are:

-3
EVAPV = (rb.FEVAP - ncm)-agﬁg— (MIX10%) +ueve(2.53)
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where rCAY - rainfall during day (mm)
AT average total water surface area during time
step At (km*).

it

AT can be re-written in terms of hl and hz, the depths of flow
at the start and end of time step At respectively, to yield:

AT = ATHL + ATH2'%(h; + h,) vesesssreesesss (2.54)

From the geometry, for H _, s 5(h1+h,)s Hy o ATH1L and ATH2 are
given by:

(BTk - BT
k-1 TH, - |

3

BT

-1) -
k-1l cuarn.10

ATH1 )
k~17.

...........(2.55)

(BT, - BTy )
H, = A )

3

]

and ATH2 CHAIN.10 vesssssssve(2.56)

where CHAIN

length of river reach {km),

AC, the corresponding channel water surface area, is computed by
equations identical in form to 2.54 - 2,55 with ATHl, ATHZ, BTk

and BTk-l replaced by ACHl, ACH2, BCk and Bck-l'

Equation 2,53 can be re-written as:

EVAPV

#

ET1+ET2.h2 0l.0000..'0....(2.57)

where ErT1 = AJEE.FEVAP-RCAT)  (aAmy)+y,ATH2.h,)
NSTEP* 10

(PE.FEVAP=RCAT) (4 a1u2)
NSTEP" 10

Transpiration loss from the reeds and other swamp vegetation is
computed as:

-3
QTG = (PE.FTRANS-RCAT)‘é!§§%§%9—~ (m'x10%) .....(2.58)
where FTRANS = seasonal transpiration factor

AVLET = vlei area (km?)
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(£) Bed losses

A constant potential bed loss rate is specified per reach.
The actual bed loss applied during any time step is adjusted
according to the availability of water in the reach.

(g) 1lrrigation losses

The assumption is made that the crop demand during time step At,
QCD (m3x10°%), is directly proportional to the potential evapora-
tion.

Hence: \ 3

m Ld W ......-.-....(2.59)

where AIRRIG = area of land under irrigation (km?)
PIRRIG = seazonal irrigation demand factor.

This demand is then met by precipitation and irrigation.
The irrigation demand during time step At, QIRRIG (m’x10%), is
then given by:

QIRRIG = (PE-PIRRIG-RCAT) -RBBBEC <1072  ..eieieinir. (2.60)

when equation 2.60 becomes negative QIRRIG is set aqual to szero.

Allowance is made for irrigation return flows. It is assumed that
a constant proportion, RETURN, of the irrigation desmand returns to
the stream. The irrigation return flow during time step At, QIR
(m?x10%), is given by:

QIR- m.QI”IG LI 4 ooconaooo(Z-Gl)

(h) low from & t end

Outflow from each reach is assumed to be controlled by the Manning
equation. Discharge from the central channel during time step At,
QouUTC (m'x10%), is thus computed as:

QOUTC = % {3-’5‘-9]"' SLOPEM .. .....000ess(2.62)

A
¥
N
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where AXC = average wetted cross-sectional area of charnel
during time step At (m®)
AMANC = Manning n factor for channel
PC = average wetted perimeter of channel during time
step At (m)
SLOPE = channel slope,

vhile the discharge from the flood plain, QOUTF (m*x10%), is

given by:
LY,
QOUTP = % ‘[%‘r:'] ’°8LOPEV3 .........-.(2.63)
where AXF = average wetted cross-sectional area of £lood

plain during time step At (m?)

AMANF = Manning n factor for flood plain

PF = average wetted perimeter of channel during
time step At (m).

The implicit assumption behind equations 2.62 and 2,63 is that
the outflow at the lower end of each reach is independent of the
influence of storages in downstream reaches. Care should there-
fors be taken to choose river reaches in such a way as to nake
thesse equations a:s nearly valid as possible. A weir or outlet
from & lake or viei would thus form an ideal river reach boundary.

rFrom the geometry, for H,_, s k(hlﬂxz) SHy, AXC can be expressed
ass

AXC = AXCH1 +Axcn2°§(hl¢h2)+hxcm-(th-'-hz))’ coses(2.64)

where AXCHl = wetted cross-sectional area below depth Hy_, (m*)

: ( - 8C, .y
AXCH2 = Bck_l - Hk‘l. %_HL-— 0000000.0000(20‘5’

x ~ k-1

(B - BCy._1)
and AXCH3 -é o-(-;k-k—-:-'u';k:l-'lr .-.........‘(2.85)
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Similarly PC can be expressed as:

PC‘ = PCH1 + Pcm'k(hl'.'hz) ooooooovoocoo(:o"’)
where PCHl = wetted perimeter below depth Hy 41 (m)
BC, = BC,_,)|* = .
PCHZ = 2' -(T.-k'“'-—‘g'u) 1l .............(2.‘0) . #
(= By v
AXF and PF can similarly be expressed in terms of h, and h, as: | | :“;
and PF = PFH1 + Prﬂz'k(h1+h2) seecsssscense(2.70)

where coefficients AXFH1l, ASPH2, AXFH3, PFH1 and PFH2 are derived
in the same way as AXCH1-3, PCH1l and PCH2. ERT

(1) Overall water mass balance L g
The continuity eguation for any river reach may be written as: ' f{

vor’ = voz.+1f1 QOUT, + QEFF + QCATU+QLAT-EVAPV-QTG

- GIDBB‘QIRRIG*QIR'QOUTC'QOWP ssesece (20 71)

where VOL’ = storage at end of time step At (m’x10°)
VOL = storage at start of time step At (m®x10°)

m = number of river reaches connected to upstream

end 0. reach
QOUT, = outflow from ith upstream reach during time step SRR

At (m'x10%)

QEFP = effluent point flow into reach Quring time step
At (m®x10°%) S
GLOSS = bed loss during time step At (m’x10%) A

For H,_, $ h, s Hy, VOL’ is given by:

| VOL’ = (AXC + AXP) *CHAIN+10"3
,,, = VTH]1 + Wﬂtohz + V‘l‘lﬂ.h; .o.onos0000‘000(1072’ ’ 4
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3
3
3

where VTHlI = (AXCH1 + AXFH1) *CHAIN-10
VIH2 = (AXCH2 + AXPH2) +CHAIN:10"

and VTH3 = (AXCH3 + AXFH3) 'CHAIN-10

Although output from program NACL@2 is at a daily time step, equ.
2.71 is soived NSTEP times (where NSTEP is user-defined) per day.
Two methods are used to solve equation 2.71, the first being the
Newton~-Rhapson convergence procedure.

The continuity equation (2.71) can be re-written as:

£(h,) =0= CONST-EVAPV=QOUTC=QOUTF=VOL’ +eecessces(2.73)

n
where CONST = VOL+181 QOUTi+QB??*QCATU*QLAT-QTG-GLOBS
=

-QIRRIG-O-QIR ...............(2.74)

and EVAPV, QOUTC, QOUTF and VOL’Z are functions of the unknown
h, defined by equations 2.57, 2,62, 2.63 and 2.72.

Using the Newton-Rhapson procedure, the (1+1)th approximation
of hz. hg’l. is given by:

4
2 2 z?hg)

. cousr-nvmpvggi)-von‘(h;)-oourcggi)-ooumt(hil
2 -DEVAPV(h3) -DVOL (h3) ~DQOUTC (h3) ~DQOUTY (h3)

= h

0000000000(3075’

where DEVAPV, DQOUTC, DQOUTF and pvoL’ are differentisls with
respect to h, of squations 2.57, 2.62, 2.63 and 2.72.

Differentiating equations 2.57 and 2.72 with respact to h, yields:

DEVAPV = ET2 00000'000000'000000000'00‘207‘)
and DVOL' = VTH2 + 2'”“3'0\2 ssessesssecennsccssesces (2,77




2.38

The diffcrential of equation 2.62 with respect to h2 is given by:

}xc.ag-z- [[%2]"1 +[§q" .ag-z-uxca

pas

f ;

e -l

comc-eroest] [,z (1c] -

g -l -

. a AXCl ¥ 4
AXC ah—z-(PC) +[nq .arz(AXCﬂ
P

i
CUMEC - SLOPE AX 5 4 2 AXC 4
LR -[rﬂm'[!-ax;“"‘c"s- L. -ar;"c]

.PC"2. pc-ai"-;(AxC) -

he -

. - W .[ﬂ".[g.ucm*g.mcus. (hfh,)
- $.(3 .pcuz] Cererenes(2,78)

Similarly DQOUTP is given by:

: DQOUT? -l%‘?‘??"] [{,‘ﬂ% [%.Axruzog-nxrns- (hy+h,)
-3 e

§ Successive estimates of h, are made using equation 2.75 until

tnai, the absolute difference bstween h;*l and h;, is less than

f ERROR (m), the specified maximum permissible error.

. Yhen discortinuities in the river reach cross-section ars en-
countersd the solution procedurs can becoms unstable, resulting
in divergence. A check is therefore incorporated to switch to a
more stable, although slower, convergsnce procedure (the method
of Palse Position) if ERR, exceeds ERR, _, . the absolute error of
the preceding iteration.

The (t+1)th approximation of hz is then given by:
(hg - h3) +£(nd)

- .- ..0.............(2..0,
£(h3) = £(h3)

141 '
h = hz
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where hg is some earlier choice of h2 and £ is the function of
hz given in equation 2.72.

The method of False Position is first order convergent. It is
still possible, although less likely, that this procedure can al-
so become unstable when discontinuities in channel cross-section
are encountered. Should this occur, the computational time step
for the current day is halved and the computation for the day is
repeated using starting conditions as at the start of the day.

The user may limit the maximum number of itaerations during any
time step to NQMAX iterations. 8hould convergence not have
occurred after NQMAX iterations, then the computational error
may be unacceptably high. Alternatively, a systematic gain or
loss of water due to allowable computational errors could occur.
A check calculation is therefore made at the snd of every day to
ensure that the water mass balance is preserved. This is done
by £irst summating the storage at the start of the day and the
total inflow into the reach during the day. This value, DIFFV,,

is then given by:
m
DIFFV, = vox.{;l mmimnrrmcarumurmxn]-nmr coooses (2.81)

Zach of the losses of water from the reach is then successively
subtracted from DIFFV

....CO'O..O..O.....Q.O(z.‘z)

DI!‘!‘Vj - DIFij_l - LOSS’

vhere LOSS, computed loss during the day

i.e, LO’.I - N!T" (BVlPVk)
k=l

Loss, = QTG *NSTEP

1088, = GLOS8 *NSTEP

1088, = QIRRIG*NSTEP
NGTEP

1088, = !T' (QOUTCk)
k=1
NSTEP

and LOlB‘ « i (QOUTFk)

i=]

kth

where k refers to the time step.
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Equation 2.82 is thus applied six times. 1If Dxrrvj 2 0 no

{; k
R
E.‘

e
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adjustment is made, but 1if Dxrrv,«< 0, then nossj is adjusted
tos

.Ol.“.!...........@(2.‘3)

Loss, = DIFFy
and w88j+1 EXXEEN .LOSSG are set .qml to sero.
(§) Internal water mass balance 5 5
Having solved the overall continuity equation for the reach it L
now becomes necessary to determine the fluxes betwsen channel and B
flood plain. Ty
Pig. 2.16 depicts ths movement of water through the reach.
@
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The inflow at the upstream end of the reach, QUP (m*x10%), is
distributed between the flood plain and the channel in proportion
to QOUTC and QOUTF: Hence:

QUPC = %.QUP .0!......'00...000(2.8‘)

.nd QUP? = QUP‘QUPC 000000000000.00000(2005)

m
where QUP = L QOUT1+QE?F+QCATU * NSTEP

i=]
QUPC = inflow to upstream end of flood plain (m*x10%)
QUPF = inflow to upstream end of channel (m?x10%)
QOUTZ = QOUTC + QOUTF (m®x10%)

Evaporation, evapotranspiration and bed seepage losses are assumed
to be derived from channel and flood plain storage in proportion

to the corresponding water surface areas.

Thus:

EC - Axg 'wssl uoooo.ooooooooaooc(ZQ.s)

Q'I'C - %%4;0882 00000000000000-000(20‘7)

. AC .,
QBRC = “ 1088‘ ..................(2.80)

and:

| 14 - LO881-BC ..................(2‘0’)
QT' - LOSS:-QTC 000000000000000000(2.’0’
Q” - LOBS‘ "QBC -oooooooooocouo‘ooo‘(ZQ,l)

where EC, QTC and QBC are evaporation, evapotranspiration and
bed sespage losses from the channel and EF, QTT and QBY are the
corresponding losses from the flood plain.

Making the assumption that irrigation demands are pumped from the
channel while irrigation return flows and lateral inflows from
the surrounding catchment enter the flood plain sllows QF, the
transverse flow from the channel to the flood plain during the
day (m'x10%), to be calculated as:
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QF = VC-VC’/4+QUPC-QIRRIG-EC=QTC=QBC=QOUTC +eccovcoss (2.92)

vhers VC = channel storage at start of day (m’x10°%)
VC’= channel storage at end of day (m?x10%)
= AXC, *CHAIN.10"3

where AxcL is the wetted cross-sectional area of the channel (as
given by equation 2.64) at the end of the last computational
time step of the current day.

VF/, the flood plain storage at the end of the day (m’x10%), is
then calculated as:

V!"- VOLE“VC’ 00000000000000(2093)

vhere VOL£ = total reach storage at end of last computational
time step of the current day (m’x10%),

2.3.2 Channel routing model : salt mass balance

All the water and salt entering the upstream end of the chennel
during each day is aggregated to form a new cell. The cells are
advected through the reach with no allowance for dispersion between
cells. Dispersion was ignored, as the simplicity of the model

does not warrant such sophistication. Dispersion effects ars

to some extent accounted for by the interchange between ths cen-
tral channel and the flood plain. Por tributary systems with

more than one ziver reach a significant amount of dispersion is
achieved when the sntire day's outflow from each rsach is mixed
before being introduced into the following reach.

The assumption is made that the flood plain can be treated as a
single, completely mixed cell. This assumption is tenable dus to
the relatively long detention time of the flood plain storage com-
pared with that of the channel.

(&) 1 bat channel a lood pl

The volums of the new cell created at the upstream end of the
channel, vey: is set equal to QUPC. The salt load entering cell
N, scy (), is given as:

o s s A A R R
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'cn - sw.% '..0..0......0!.00.0..(2.9‘)

m
where SUP = [1z1(oou-ri-cou'r1) + QEFF°CEFF + ocmu-ccm]-usup
- R ¢ 31 §

salinity of outflow from g th upstrsam reach (mg/%)

and COU'r1

CEFF = salinity of effluent point inflow (mg/2)
CCAT salinity of catchment runoff (mg/L)

The salt load eniaring the upstream end of the flood plain is
then calculated as:

SQUPP - SUP - 'cn ooooco..oocooooooooooo(2096,

The salt load returned from irrigated lands during the day,
SQIR (t), is given by:

lQIl - ”16 (1-!'18) 0000800000000 0CSORSEND 0.(20’1)

vhere lo:o = salt load applied to irrigated land during
previous day (t)
PIX = proportion of applied salt load retained on
irrigated land (0 <¢ PIX <1)

$he catchment washoff salt load entering the reach laterally,
SLAT (t), is given by:

SILAT = OMT‘CCAT ......................(3'90)

The salt load flushed out of the swamp "sponge” storage during
the day, SPLUSH (t), is given by:

BPLUSH = PLBACN‘BI-%(W‘W!") coooooooooooooocoooooo(2.9”

where PLEACH = leaching factor for salts stored in the swamp

sponge
s = swamp sponge salt storags at start of day (&)
vr = flocod plain water storage at start of day (m3x10°)

1¢ SFLUSH as calcoulated by equation 2.9% is greater than 88, then
SPLUSH is set sgqual to 88.
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There are two possible flow conditions that need to be considered:

I+ QFg O

In this case the salt mass balance for the flood plain is first
computed. Pre-mixing all inflows to the flood plain yields:

8!‘” = 8F+SQIR#8LAT+SQUP?#8?LUSH e0 000 08GO OIBRROIOIOROES (2 . 100)

whers SF7 = intermediate flood plain salt storage (t)
SF = flood plain salt storage at start of day (t)

The salt load moving from the flood plain to the channel, 8QF (t),
is then given by:

30"' sr"g’ -ooooooo-oooooooooo(2-101’

where Vl'”. V!"O'QIR*OLAT'#QUP!‘ ooooooooccooooooooc(2.102,

| The lateral inflow to the reach is then apportioned to each cell
sccording to its storage. Thus for cell i the adjusted storage
veg is given bLy:

vci
ch' Vci'ﬁm'(-Q!') ...................(3.103)

| whers vc, = cell volume at start of day (m'x10°)
p VCT = VC + QUPC

The corresponding adjusted cell salt load, sc, (t), is given by:

¢ .O" lc‘.*m-(-BQl‘) ooooooooooooooooooo(8010‘,

vhere sc, = cell salt load at start of day (t).

The implicit assumption is that the entire upstream inflow enters
the rsach at the beginning of the day, whereas in fact cell N grows
from sero volume at the start of the day to its full volums &t the
3 day's end. The lateral inflow to cell N will therefore be over-

{V estimated. BSimilarly, at the downstream snd of the reach, the

} ’ latezal inflow to those cells leaving the reach will also be over-
o estimated, This approximation is satisfactory provided the inflow
at the upstream end is small relative to the total reach storage.
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The second implied assumption is that the channel is uniform,

with uniform lateral inflow along its length (i.e, the lateral
inflow to any cell is proportional to the cell volume), Catch-
ment and channel irreqularities reduce the validity of thies assump-
tion, however. In view of the limitations of this second assump-
rion, there is little purpose to be served by applying the complex
aquations required to modify the first assumption. The effects

~f these approximations are considered to be of little consegquence
:ompared with those resulting from the other assumptions that have

had to be made.

channel losses are next deducted from each cell in proportion to
the adjusted cell volume vc;. The new adjusted cell volure vc;
and the adjusted cell storage sc, are given by:

vci = vc: -(QTC+QBC+EC+QIRRIG)‘VE;;%;- ceseessases (2,105)
sc{ = sc: - SQBCi - stCi - SQIi I ¢ 29 e 1))
where SQBC, = sc{'--wg%gm cesscnsssse(2.107)
sarc, = sclarsaEy veeenreeses(2.108)
sar, = scfRRicy) veeereeense(2,109)

Case II: QF > O

In this case the losses from each cell are first deducted. The
new volume v{ and the new cell storage sc{ are then given by:

ve
¢ o - . d &
Vci Vci (QTC*QBC*EC*QIRRIG+QF) VET ...........(2.110) x

'C: = sci - SQBCI-SQTCI-SQIL-SQFi oa-ooac.ooo‘Zolll)

where SQBCi = Sci'gg% ..-...-....(2.112)
SQ’PCi = .Ci°8§% ..........c(ﬁ.ll))

o Rt ORI
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_QIRRIG

SQIi = sci% l'tot.-loouooooooot(2.114)
L A

SQFi - 'ci&_ 0-..00.0.--.......0(2.115)

Pre-mixing all inflows to the flood plain yields:

(2.116)

.
-
L]
.
-
L)
.

sF” = SF+SQIR+SLAT+SQUPF+8FLUSH+i§1 (sqFy) .
=

and vF? = VF+QIR+QLAT+QUPF+QF R ¢35 § &

After SF¥has been computed by equation 2.100 or 2.116 the final
salt storage at the end of the day sF’ is computed as:

BF’ = SF"'SOUTF"'SQBF“SW’ oooooo.oooo'ooooo-.(2.118)

where SOUTF = .0,!"’-98{{.-".}g e reveseeeesesed2.219)
”Br . sr”‘w ...‘..'...........‘(2.120)
m' = SP”'% ootoc-oo.cooo.o.o'o(2.121)

(b) Salt balance in the swamp sponge

The salt mass balance equation for the swamp sponna can now be

solved as:

N
gs’ = SS-BPLUSH+SQTF+ zl(sq'rci) U ¢ b
im

where SS’ = swamp sponge salt storage at end of day (t).

(c) Salt loss to bed seepage

The total bed seepage salt loss during the day, SGLOSS (¢), is
given by:

N
SGLOSS‘ SQBF*}: (SQBC1’ ooocooootoonoooooo-(20123}

i=1

(4) Advection of salt from the reach

Finally to be accounted for is advection out of the downstream end
The salt load SOUTE leaving the downstream end of

of the reach.
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the channel section is calculated thus:

SOUTZ = SOUTF+"El(sc{) + .c'-[Qou-rc-“‘f’ vcﬂ ceeees(2,124)
i=1 n =1 "

| The first n-l1 cells are completely drained and discarded, while
| cell n is partially drained, its new volume vczvbeinq given by:

n-1
b)
i=1

* ve® = vc! -(mu'rc -

’
n vci] 05000000-00-000(20125)

The water leaving the downstream end of the reach then forms part
of the inflow to the next downstream reach. The steps involved in
the cell advection process are illustrated in Fig. 2.17.

A maximum allowable number of cells per reach, NMAX, is introduced
to prevent the number of cells from becoming unmanageable when for
prolonged periods outflow remains much smaller than the total reach
storage. The number of cells is controlled as follows:

If the number of cells reaches NMAX, the first NMIX cells are
»

mixed to form a new cell of volume ve, ¢

. NMIX |
Vcl - ) (Vci) ’ oooooouo-oooooooooocoooco(2.126)
i=1

and salt storage sc;:

| . NMIX |
“‘3 sC - : ('C) .........................(2.127)

St G v A O NS Rl g it
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CHAPTER 3 TESTING OF THE MODEL

This chapter describes the tests made to ensure that the model
described in chapter 2 works satisfactorily. Before testing the
ability of the model to simulate daily discharges and salt
loadings accurately it was first carefully checked manually for
programming errors and internal stability. Programs NACL#1l and
NACL@2 print out as a matter of course cumulative total inputs
and outputs as well as initial and final storage states for both
water and salt. These enable the user, if he so desires, to check
the integrity of the mass balance equations every time the pro-
grams are run. The capability of the model to reproduce observed
daily flows and salinities successfully serves as further proof
of the internal consistency of the programs. Any serious unde-
tected error would render satisfactory calibration of the models
impossible.

The remainder of the chapter describes the catchments used to
test the models and gives details of the results obtained.

3.1 Objective functions

The following criteria have been adopted for judging the goodness-
of-fit between modelled and observed daily flows, TDS and- salt
loads:

a) Daily mean
Observed and modelled mean daily values should be as close as
vossible, i.e. F, in the following exoress on must bhe minimised:

X - X
El = m- 0'100 00.0..0000---00-000(3.1)
X,
where E, = percentaae srror of mean dailv values

X = modelled mean da.ly value

®
o 3

= observed mean dailv value

b) Standard deviation

The standard deviation of modelled monthlv salt loads should
be as close as possible to that of the observed loads, i.e. 82
in the equation 3.2 must be minimised:

Sl

LR
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+« 100 ooooonoooco-oococooo‘3.2)

where E, = percentage error in standard deviations
s = gtandard deviation of modelled dailv v.lues
-] = gtandard deviation of observed dailv values

¢c) Linear correlation coefficient

L The linear correlaticn coefficient, r, of modelled and ob- ; %
served daily values should be as near to unity as oossible. ' E

d) Visual fit

The visual fit between plotted modelled and ohserved dailv S
values should be good, i.e. modelled and ohserved peaks and
troughs shculd coincide as closely as possible in both magni-
tude and time.

e) Parameter stability

§ There should be no .ong-term instabilitv of the model para-

| meters. In particular, there should be a reasonable balance
between the initial and final catchment surface salt storages.
During any simulation the total surface salt zrecharge should
be of the same order of magnitude as the total surface salt
wash-off,

e o o

Criterion (d), although practically impossible to quantify, is
extremely imvortant and demands close attention. W“hen the visual
£it is good, the other criteria are usually also satisnfied.

There are three reasons for not attemnting to combine the auanti-
fiable criteria, (a) - (c), into a sinale ohjective function:

-

(1) A single, multi-purpose objective function is inevitably
far less sensitive than the individual functions. PFor
instance, it is highly desirable that El should be as near
gerc as possible, and it should therefors be heavily
weighted. To do so, however, makes the combined function
much less sensitive to changes in Ez and . By kesnina
the functions separate it is alwavp possible to satiafy
criterion (a) without in any wav impairine the sensitivity
of the other criteria.

R e
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e)

Criterion
extzemely imoortant and desman

g4t is good, the other criter
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giable criteria,

(1)

aoooo( 3.2)

00.....0.......

where E, *~ percentage error in standard deviations ﬁ
Sy " standard deviation of modelled daily values
g = standard deviation of observed daily values

Linear correlation coefficient :

The linear correlation coefficient, r, of modelled and ob-
served daily values should be as near to unity as oossible.
visual fit -
£it between plotted modelled and ohserved dailv
{.e. modelled and ohserved psaks and
possible in both magni-

The visual
values should be good,
troughs should coincide as closely as

tude and time.

Parameter stability

There should be no long-term instabilitv of the model para-
meters In particular, there should he a reasonsble balance
between the initial and final catchment surface salt storages.
puring any simulation the total surface salt gecharge should
be of the same order of magnitude as the total surface salt

wash-off.

(d) , although practically impossible to quantify, is
ds close attention. vhen the visual

{a are usually slso satinfied.

to combine the auanti-

e reasons for not attemnting
ohjective function:

(a) - (c), into a sinale

A single, multi-purpose objective function is inevitably
far less sensitive than the individual functions. PFor
instance, it is highly desirable that ”1 should he as near
gerc as possible, and it should thersfors be heavily
weighted. To do 80, however , makes the combined function
much less sensitive to changes in E, and r. By keenina

the functions separate it is alwavs possibls %O satinty
criterion (a) without in any wav imoairina the sensitivity

of the other criteria.
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(ii) No mathematical objective function can incorporate
criterion (d).

(111) The only real justification for a single objective function
would be to permit automatic calibration procedures to be
introduced but these have certain drawbacks - viz. they
require numerous iterations before convergence and they
often converge upon a poor fit. Perhaps most serious of
all, they encourage blind use of the model Ly persons who
are not familiar with hydrological processes and the
modelling assumptions and are therefore not in a position
to interpret the results.

It is often the case that records of daily streamflow and TDS are
intermittent, due to defective or inadequate equipment or infrequent
sampling. In applying criteria a) to d) therefore, it is important
to know how representative the records are of actual flow conditions.

When, for example, a streamflow recorder measures only low flows,
then the modelled flows inevitably tend to exhibit a higher mean
and standard deviation than those observed and the correlation
coefficient deteriorates. This results from the fact that'very
often modelled floods are slightly out of phase with those ob-
served. Fig. 3.1 serves to illustrate the point.
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Fig. 3.1: Exaomple of poorly represemtative streem flow recerd.
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In the figure the broken black line represents the actual stream-
£lows which were not recorded. A statistical comparison of ob-
served and modelled flows for the periods when the rscorder is in ] .
operation would in this instance prove highly misleading. At time ¢, 5 1
for instance, the modelled discharge is much higher than that :
observed; this insignificant error would lead to the conclusion

that the modelled standard deviation is much too high, whereas

in fact it is nearly correct.

A "significance factor", SF, has been devised to give an indication
of the representativeness of the sample for the period simulated: i o~

I%g = X, | I8y = Syl
SP = 1 - fN -n + ‘H‘ 000000000000(3.3’ - .
XN +Xn N n .

in which X and S are the means and standard deviations of the
modelled values and the subscrints refer:

N to the entire period simulated and
n to the days on which cobserved data were available.

A significance factor amproaching unitv would +*e a represen~
tative samnle; the smaller the value of SPF t! .r the sample.

Values of SF can vary hetween =1 and +l,

3.2 Model tests

The model was tested using stream=flow and TNS data sbtained at
several points in the southern PWVS reaion. The region was divided

into 12 subcatchments as indicated in Fig. 3.2 on which are shown A
also the locations of streamflow gauging stations and water qualitv 3
sampling points. FEach subcatchment is in turn divided into one or | o

mcre river reaches to facilitate routing of water and dissolved
solids through the tributarv svstem. The river reaches are indi-
cated in Fig.3.3,

Model calibration proceeded in two stens. First, all available

daily streamflow data at each monitoring point un to August 1978 .
were used to calibrate the rainfall/runoff oarameters of theé model
for each subcatchment. Secondly, water aqualitv parameters were
established for each subcatchment for the period 1977.08 to 1978.08.
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This latter period was limited to one year because prior to that
date river quality sampling was at weekly (in some cases monthly)
intervals. Since 12 September 1977 the sampling frequency at
several key points has been increased to daily intervals thereby
; enabling good estimates of salt loads to be made at those locations 4
‘ f where streamflow records are reliable. Point flow data in earlier !
i % years are also less accurate, especially mine pumpage values,
g - Morcover it is reasonable to assume that the rates at which diffuse- 3
8 | source salt is generated have increased with time as human ace
tivities have proliferated and that therefore the non-stationarity |
of the parameter values could adversely affect calibration results Vo
for a longer simulation period. -

Data for the period 1978.09 to 1979.08 were reserved for purposes - 'g
of verification of the calibrated model parameters (see section 4
3.4).

3.2.1 Streamflow modelling
parameters controlling the synthesization of catchment runoffs
were calibrated for each of the 12 subcatchments shown in Prig. 3.2
; by comparing modelled with observed flows at each monitoring point
bR and adjusting parameter values until acceptable agreement was
2 reached. Best-fit parameter values thus obtained for each sub-
i catchment are given in Table 3.1 while Table 3.2 shows calibrated
: parameter values for each of the channel reaches indicated in
Fig. 3.3. The statistical properties of the modelled and ob-
served flows are given in Table 3.3,

The results for each monitorinag noint are now discussed.

- Station K10: Monitoring statiun K10 is situated on the Klip river
o downstream of a vlei 13 km? in extent into which effluent discharges

b | from the Klipspruit and Olifantsvlei sewage works of the Johannes-

o burg municipality. Base flows are therefore dominated by effluent ﬁ
* discharges. At K10 the stream is divided by a low island which is

: = submerged during floods. Both channels are controlled by weirs,

each with a water level recorder. The weirs are rated only for

low flows. The presence of ranids just upstream of the main channel,
on the eastern side of the island, leads to unfavourahls approach
conditions. The reliability of flow records is further undermined
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by the presence of thick undergrowth further downstream which
often traps fallen tree trunks and other debris. The resultant
backwater often submerges the main weir even during low flows.
The streamflow record is therefore of value only for checking
base flows (comprising predominantly point source influents) and
even then is not reliable. Little effort was therefore made to
calibrate the model against this record; greater weight was given
to the record at station C2M21. Fig. 5.4 is a plot of modelled
and observed discharges at K10 for the period September 1975 to
August 1978, while Fig. 3.5 shows the corresponding duration
curves.

Table 3.1: Rur- “¢ -ompoi mt model parameters used in Program NACLg@l

ara- Subcatchment number

1 2 3 4a 4b S 6 ? 8 9 10 | 11

A 861 392 442 231| 1119] S841] 4n9| so8 IIIQ 1116] 82¢] 948

oW 3 3 3 3 3 3 3 3 3 3 3 3
L *) 0 0 o 0 o]- O 0 0 0] 3%0] 200

- 1301 138! 140] 1100| 180 130 120{| 200| 200 72§ 300 2%
T 410f 400| 400| 400| 400| 400| 400] 400| 400| 300! 400! 400
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Station N8: The streamflow record at station N8 on the Natalspruit
is generally good except for periods during which the level re~
corder failed to operate. The water levels are recorded upstream
of a Parshall flume located in a disused causeway at the down-
stream end of a 8-km? vliei. As the station had not been rated,
water levels were calculated for a wide range of discharges using
the flood plain model developed by Weiss (1976). The streamflow
record is reliable and efforts were therefore made to obtain a
good fit between modelled and observed discharges. From Table 3.3
and Figs. 3.6 and 3.7 it can be seen that a reasonably good fit
has been achieved.

S e ;3"

Station R6: Upstream of this station the Rietapruit bifurcates
around a small, low island. Two weirs control discharges in the
channels at the downstream end of the island but water levels are
recorded only upstream of the weir in the larger of the channels.
Thus even for low flow conditions only part of the discharge is
monitored. For higher discharges the flow spreads over a wide
flood plain. The discharge record is therefore of little value

| and was largely disregarded when calibrating the model, Parameter
N values similar to those used for subcatchment number 2 ware adont-
' ed. Fig. 3.8 is a plot of modelled and observed daily discharqes
while Fig. 3,9 shows the corresponding duration curves for the
period September 1975 to August 1978,

sl

Station C2M21: A reach of the Klip river controlled hy a bridge
opening has been rated for a wide range of discharges by the Directo-
zate of Water Affairs (Murvhey, 1978) and in Nctoher, 1977, a level
recorder was installed.

The record, although short, is reliable. The model parameters used
% : for subcatchment number 1 were calibrated to vield a hest fit he-
? : tween modelled and observed discharges at this station. PFrom Table
1 ‘ 3.3 and Fig. 3.10 and 3,11 it can be seen that a good fit has been
f‘ - i obtained.
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Station C2M15: C2M15 is a low level weir in the Klip river near

D

its confluence with the vaal., It is submerged even during moderate
flows, and towards the end of the simulation period submergence
even occurs during base flow conditions. This is attributable to
increasing effluent inputs to the upper reaches of the Klip river.
On occasion the weir is also submerged by backwater from the Vaal
Barrage. The record was therefore of use only for checking the
modelled base flows. Table 3.3 indicates a very low significance
factor for the data sample. The inevitable consequence is a ten-
dency for the modelled mean and standard deviation to be higher
than those observed (see section 3.1). This is apparent in Fig.
3.13. Fig. 3.12 does, however, reveal a tendency for the modelled
base flows to be a little high during the 1971 and 1973 dry seasons.
The point flow data for these earlier years is extremely inaccurate
and could contribute to the poor fit. This uncertainty, together
with the absence of streamflow records . ny of the other moni-
toring points on the Klip river during this period, precluded
further refinement of the calibrations.

Station B9: Station B9 is the outflow weir from a lake, Cowles

dam, on the unper reaches of the Blesbokspruit. Estimates of dig-
charge are made daily bv staff of SAPPI Fine Pavers (Pty) Ltd. nnly
relatively small discharges are recorded. A feature of the catch-
ment upstream of B9 is the cascade of several small dams and lakes.
NDetails of the cross-sectional geometrv of these lakes is not
available and it was therefore impossible to model the catchment
with accentable accuracy. Instead, the catchment was modelled hv
dividing the channel into two reaches each with assumed geometry
representative of a lake.

Fig. 3.14 is a plot of modelled and observed daily discharaes and

Fig. 3,15 gives the corresnonding duration curves for the veriod
September 1976 to Auqust 1978,

As can be seen from Fig. 3,14 this simplified model does nartiallv

achieve the desired laq and attenuation of the flood neaks. Effluents

from various municipalities enter the lakes uostream of Cowles dam,
while Cowles dam itself receives effluent from the SAPPI ovaver
factory. Evaporative loss from the lakes is nct sufficient to
account for the low base flows leaving Cowles dam. It therefore
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Station C2M15: C2M15 is a low level weir in the Klip river near

its confluence with the Vaal, It is submerged even during moderate
flows, and towards the end of the simulation period submergence
even occurs during base flow conditions. This is attributable to
increasing effluent inputs to the upper reaches of the Klip river.
On occasion the wei: is also submerged by backwater from the Vaal
Barrage. The record was therefore of use only for checking the
modelled base flows. Table 3.3 indicates a very low significance
factor for the data sample. The inevitable consequence is a ten-
dency for the modelled mean and standard deviation to be higher
than those observed (see section 3.1). This is apparent in Fig.
3.13. Fig. 3.12 does, however, reveal a tendency for the modelled
base flows to be a little high during the 1971 and 1973 dry seasons.
The point flow data for these earlier years is extremely inaccurate
and could contribute to the poor fit. This uncertainty, together
with the absence of streamflow records at any of the other moni-
toring points on the Klip river during this period, precluded
further refinement of the calibrations.

Station B9: Station B9 is the outflow weir from a lake, Cowles

dam, on the unper reaches of the Blesbokspruit. Estimates of dig-
charge are made daily bv staff of SAPPI Fine Pavers (Pty) Ltd. Mnly
relatively small discharges are recorded. A feature of the catch-
ment uostream of B9 ia the cascade of several small dams and lakes.
Netails of the cross-sectional geometrv of these lakes is not
available and it was therefore impossible to model the catchment
with accentable accuracy. Instead, the ea:chment was modelled by
dividing the channel into two reaches each with assumed geometry
representative of a lake,

Fig. 3,14 is a plot of modelled and observed daily discharages and
Fig. 3.15 gives the corresnonding duration curves for the oeriod
September 1976 to August 1978,

As can be seen from Fig. 3,14 this simplified model does nartiallv
achieve the desired lag and attenuation of the flood neaks. Effluents
from various munjicipalities enter the lakes uostream of Cowles dam,
while Cowles dam itself receives effluent from the SAPPI paver
factory. "vaporative loss from the lakes is not sufficient to

account r the low base flows leaving Cowles dam. It therefore
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became necessary to hypothesise a considerable seepage 10SS £rom
reach number 8 (i.e. the lakes upstream of Cowles Dam). This is
not unreasonable as the underlyving dolomitic rock strata have been
extensively de-watered by gold minin~ activities. As with station
C2M15 the significance factor 1is low and a poor fit is to be ex-
pected. The uncertainties in the lake storages and outlet controls
further reduce the goodness of fit which could be achieved. Al-
though the fit is not particularly good, the effect of the inaccur-
acies is not too serious in terms of the entire Suikerbosrand
catchment as is evidenced by the good fit further downstream at

gtation C2M70 and C2MO4.

Station . '_. The weir at BlO 1s located in a well defined, stable
section of the Blesbokspruit and forms a good control., It was

the ‘*fore possible to interpret the water level record for a wide
rai - of discharges using Weiss's flood plain me ie). Unfortu-
nately the record is ghort and the level record. . 1.3 prone to jam.
Between stations B9 and B10 lies a vast vlei 45 km? in extent
which in places is up to 1200m wide. Tre cross-sectional geometry
is unknown and had to % as-umed (Herold, 1981 ). It can be ex-
pected that during high flows the reads will be flattened by
flowing water with a resultant drastic change in the roughness
coefficient. This makes calibration extremely difficult. Changes
gsuch as burning of the reeds, dredging of channels and changes to
bridge openings compound these difficulties. The fit obtained is
nevertheless adequate as may be seen by the good fit at stations
Cc2M70 and C2MO4. Fig. 3.16 is .a plot of modelled and observed
daily discharges and Fig. 3.17 shows the corresponding duration

curves.

station C2M70: C2M70 is an unstable bridae section of the Suiker-
bosrand downstream of the confluence with the Blesboksnruit which
has been rated for a wide range of flows bv the Directorate of
Water Affairs (Murphy, 1978). From Fiq. 3.2 it can he seen that
a large portion of the Suikerhosrand catchment lies between gauges

10 and C2M70. Due to the poor runoff record at Bl0 it was not
possible to differentiate accurately between runoff from the Bles-
bokspruit and that from the unner reaches of the Suikerhosrand.
Despite these difficulties it was possible to obtain a reasonahly
good fit at C2M70.
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Fig. 3.18 is a plot of modelled and observed daily discharges
while Fig. 3.19 .gshows the corresponding duration curves.

From Fig. 3,18 it can be seen that the modelled discharges during
the dry season of 1977 are somewhat lower than those observed.
This is in conflict with the situation at C2MO4 (see Fig. 3.20)
where modelled and observed values are seen to'be more closely

in agreement. Attempts to improve the fit at C2M70 lead to a
deterioration at C2MO4 and necessitate the assumption of high
seepage losses between the two stations which cannot readily be
justified by the geology. Greater emphasis was therefore placed
upon the longer and more accurate record at station C2M04.

Station C2MO4: C2MO4 is a well constructed weir situated in a

well defined valley. The channel section forms a good control
and it was possible to rate the station for a wide range of dis-
charges using the Weiss flood plain model. The flow record is
both long and reliable. Table 3.3 and Figs. 3.20 and 3.21 show

that a good fit between modelled and observed discharges has been
obtained.
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Fig.3.21; Duration curve of modelled and observed daily dischorges
ot stotion C2MO4 for period 1970-09 - 1978-08.

Station C2MO5: C2MO5 is a low level weir located in the Rietspruit
(not to be confused with the Rietspruit which is a tributary of

the Kllp river) near its confluence with the Vaal. The channel is
not stable and the weir, being situated in a wide, flat flood
plain, is not a particularly good control. The Weiss flood plain
model was used to interpret the water level record for a wide range
of discharges but it must be emphasised that the margin of error

in the rating curve is appreciable, particularly for higher dis-
charges. However, from Table 3.3 and Figs. 3.22 and 3,23 it can

be seen that a reascnably good fit was obtained.
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