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River every year. This water is filtered and chlorinated before
entering the mains supply. The supply Is augmented from
Wemmershoek Dam; the water 1is wused for agricultural,
industrial, and domestic purposes,

In Paarl, vineyards are interdispersed with residential and
industrial areas, giving a runoff which ts a combination of
uyrban, 3industrial and agricultural sources. The principle
industries are wine and spirit production, food processing and
canning, textiles, and manufacture of cigarettes.

The first wéstewater treatment works at Paarl was

‘constructed in the 1930's and consisted of & conventional

biological filtration works for the domestic sewage and a
series of evaporation ponds for the industrial wastewaters. In
the early 1950's, as a result of serious contamination of the
Berg River by seepage from the industrial ponds (Fourie and
Steer, 1971), an extensive monitoring investigation was
undertaken. The domestic. distiNery and industrial effluents
were separated and by 1957 the first extensions to the works
were completed, comprising extensions to the blo-filters and to
the 4industrial ponds. In 1960 an extensive maturation pond

system was constructed, for tertiary treatment of effluent

prior to disposal in the Berg River. Due to the increase in
hydraulic Joad to the works, an aerated lagoon system was
constructed plus the addition of nm&uration ponds {(Pers. Comm.
Retd, 1987). |
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Wellington:

Wellington is situated 10 km downstream from Paarl with a
populatien of about 32 500 (Central Statistical Service, 1987).
Water is obtained from the Wemmershoek Dam for both industrial
and domestic purposes. Industrial development is similar to
that of Paar), i1.e. production of wines énd spirits, canning
and processing of fruit, and textile manufacture. A tannery on
the boundary of the municipality treats 1ts own effluent by
means of evaporation ponds.

A sewerage system and a treatment works were installed in
1950, for domestic sewage only. The treatment consists of a
series of bio-filters, discharging into maturation ponds and
chlorination, prior to release into the Berg River.

The Iindustrial effluents are separate from the domestic
effluents. The IJndustrial effluents pass to a series of
evaporation/oxidation ponds. Fourie and Steer (1971) report
tonsiderable infiltration to the groundwater from these ponds.
To minimize seepage to the river, ponds have been lined and
located as far from the river as possible.

1.9 Water resource development

The Berg River catchment is one of the main sources of
water for household and industrial purposes in the Western
Cape. Cape Town receives the bulk of 4ts water requirements
from the Wemmershoek and Voéivietl Dams 1in the Berg River
catchment (see Fig 3.70). The water supply of a number of
smaller towns 1in the vicinity are supplied also from these
dams. The Berg River pump station, located about 60 km from the
mouth of the river, suppiies water to the Saldanha, Vredenburg
and Veldrif areas, since 1942, The'plant is dependent on the
flow in the river to minimise seawater intrusion (Fourie and
Steer, 1971) but the water abstracted often is very saline,
with TDS of around 2 000 mg/2 {Fourie and Steer, 1971).
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Fig 3.10. Role of the Berg River in the water supply
network of the Western Cape Province of South
Africa (from Forster, 1985).
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The first Voélvletl scheme was completed 9n 7953; it
consisted of a weir across the Klein Berg River to divert a
maximum fiow of 1.3 million cubic metres per day of water into
a canal leading to Voélvlei, an impounded natural lake at that
time with a capacity of 50 miilion cubic metres.

In 1969, the dam wall of Voélviel was raised to increase
capacity to 170 million cubic metres, and the maximum flow
from the Klein Berg River into Voélvlel Dam was increased to
1.7 miliion cubic metres per day. A diversion canal from the
Twenty Four rivers was completed in 1972 to carry an additional
2.9 million cubic metres per day to Voélvlei Dam (White Paper,
1968).

In the upper reaches of the Berg River catchment, the
Wemmers River was ‘impounded in 1967 to produce a storage
facility of capacity of 59 million cubic metres, known as the
Wemmershoek Dam. Ouring low flow in the Berg River, this dam
releases compensation discharges down the Wemmers and Berg
Rivers to maintain channel flow as far as the Voélvlel Canal.
More recently, the Theewaterskloof Dam (capactty of 484 million
cubic metres) was constructed on the Sonderend River which has
the provision for releasing water through a tunnel inte the
Berg River at Robertsvlei (see Fig 3.10). The dam releases are
also used for flow compensation in the Berg River to provide
the farmers and 1irrigation boards with water during the
summer months. There 3Is a proposal to build a dam in the
upper catchment of the Berg River at Assegaaibos to divert
100 mi1lion cubic metres per year to the Theewaterskloof Dam
via the Theewaterskloof Tunnel.

.
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"In the Jower reaches, a weir has been built across the Berg
River at Misverstand to enable water to be abstracted and
pumped to a holding reservoir at Withoogte. The water 1is
treated at Withoogte to supply the S5aldanha region via an
extensive pipeline system. The reservoir at Withoogte is
sufficiently large to bridge periods when pumping from
Misverstand Weir must be suspended temporarily because of
highly saline, or turbid water (White Paper, 1976).

The minimum gquaranteed winter flow at Misverstand, with the
present and proposed upper catchment diversions, is estimated
at 200 million cubic metres (Fourie and Steer, 1971). The site
of the weir at Misverstand is suitable for the construction of
a large dam in which most of the winter runoff couid be stored.
This dam is 1ikely to be built around the year 2000 because of
the Jower than expected increase in water demand in the
Atlantis-Saldanha region. However, the highly variable salinity
and turbidity in the lower Berg River reduces the
attractiveness of the Misverstand site for an impoundment, also
very little information 3is available on the _eytrophication
potential of the proposed impoundment.
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CHAPTER 4
MONITORING STRATEGY AND DATA CAPTURE

T MONITORING STRATEGY

The development of ‘@ phosphorus transport model requires a
gquantitative description of the processes governing the
transport phenomena. To acquire this information, water quaiity
and flow data have to be collected from the catchment using a
water gquality monitoring network. The design of a monitoring
network requires a systematic approach otherwise vast
quantities of data may be collected yielding 1ittle information -
- the *data-rich but information poor" syndrome'(ward. Loftis
and McBride, 1986).

The problem 3n design of a monitoring network i.e. a
network that would supply the appropriate information at the
required density, is that initially one does not know where and
when- the critical situation may develop that requires a greater
frequency of sampiing. This point is also made by Moss (1980)
where he states:

"It 4s a paradox of network design that the statistical
parameters controlling the optimality of a network are
frequently the unknowns that the network is being designed
to estimate®”.

Establishment of an optimal monitoring network is unlikely
to be achleved on the first attempt. As needs develop, or as
new ones are Aidentified, the monitoring network must be
adjusted accordingly. Thus, the optimal network design fis

| developed by a process of jteration. This approach was followed

to develop an optimum monitoring network for water quality in
the Berg River.system. '
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2 PRELIMINARY SURVEY

The primary objective of the investigation was to describe
the movement of phosphorus through the Berg River system. We
have seen that such a description requires both phosphorus

concentration and discharge 1in order %to determine the
phosphorus loads.

When the investigation was inaugurated there were virtually
no data on phosphorus, but flow data were available for a
number of gauging weirs. The only extensive measurements on
phosphorus concentration and associated discharge were from the
effluent wastewater treatment works of Paarl and Wellington.
However, only Yrregular measurements of phosphorus
concentration had been taken of the river upstream and
downstream of the Paarl ' and Wellington works so that
information on phosphorus load 1in the main river channel was
rudimentary. Furthermore, measurements were of 1ittle value as
the measurement technique for the determination of phosphorus
at low concentration was suspect. No measurements of phosphorus
had been taken down the river, or on the tributaries.

With regard to the measurement of flow, continuous data.
were availlable at 3 points on the main river channel (weirs:
G1M04, GIM20 and GIM13) and on 12 lateral inflows (two on the
sewage works effluent line weirs: 61001 and G1902), one on the
water release from Voélviel Dam (weir: GIRO1), and nine on the
tributaries. The locations of the gauging weirs are shown in
Fig 4.1; main ;hannel gauging stations are identified by the

Tetter “"M°, weirs on effluent l1ines by “E", and weirs on
tributartes by “T".
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2.1 Selection of sampling station location

In the preliminary survey the objective was to form an
approximate assessment of the variation of phosphorus
concentration and load along the main river channel. With this
information It would be possible to identify regions that were
mportant contributors and require mere intensive sampling.

A number of sampling stations were sited on the main river
channel below reaches that receive substantial lateral flows,
some of which were suspected to be contributors of phosphorus.
These stations were all near existing gauging weirs so that the
phosphorus 1loads at the stations could be calculated as
accurately as possible. These stations were located above and
below.

(1) Tunnel discharge from the Theewaterskloof Dam outlet
{Stations YA and 1B),

(2) urban runoff canals for Paar] (Stations 7A and 9A),

(3) treated effluent d1schérgé at Paarl and Wellington
{Stations 9A and 13B),

(4) point of water release from Yoélvlie} Dam (Stations 21A°

and 22A).
These seven stations are shown on Fig 4.2.

To obtain an estimate of the nonpoint phosphorus Tloads

exported from the tributaries and diffuse surface discharges to

the main river channel, eight “secondary" statiens were
selected down the river between He111ng?on and Drie Heuwels
Weir. These stations were selected on the basis of: (1) éasy
access, (2) good mixing in Eﬁe river, and (3} where there was
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no gauging weir, a river reach with stable cross sectional
profile in order to estimate river discharge using a field
method (see Section 3.4 Field Methods). These "secondary"

stations are shown 1n_Fig 4.2 (Stations: 14B, 15A, 16A, 17A,
178, 18A, 21D, 23A, 23B and 23D).

Each sampling station was identified by an alpha-numeric.
The numeral increases at consecutive stations down the length
of the river, e.g. at the headwaters the station 1s labelled 1A
and at the downstream of the river, at Misverstand Weir,
labelled 25A. The alpha symbol s incorporated 1in the
station-code so that in any reach of the river should a new
station be added between two existing stations, the new station
could be coded to indicate 1its approximate location. For
example a new station located between existing stations 1A and
2A would be coded 1B.

2.2 Selection of sampling frequency

Samples were collected at each sampling station at a
frequency of between once and three times a month, for a period
of one year, to span the hydrolegic year. At each station, .
water samples were collected for analysis and at the same time
river discharge calculated either from the gauging weir or by
using the manual field method (see Section 3.4).

2.3 bata storage, processing and presentation

- The water quality and flow datd were: stored on a
computerized data base to enable rapid processing and
presentation of data. Information on the design of the data
base is given 1n Appendix 1. A number of computer programs were
produced for the processing and presentation of water quality

data; documentation and 1istings of these programs are given in
Appendix 2. '




4.1

2.4 Resyits of preliminary survey

The objective of the pfe11m1nary survey was to obtain
information for timplementation.of the monitoring program for
the main river survey. There is 1ittle merit in presenting a
detadled analysis of the data obtained .in the preliminary
survey - only such data will be presented that shows the need
for the modifications in the monitoring program for the main
river survey.

In Fig 4.3 the discharge hydrograph and phosphorus
concentration measurements are shown for Station 9A from
24/311/1983 to 18/11/1984, the period over which the preliminary
survey approximately extended. Statton 9A monitors the drainage
from an area 3in which phosphorus is principally derived from
nonpoint sources. It is immediately apparent that the discharge
ranged from 0.5 to as high as 200 cumecs, that the flood flows
were peaky and extended over relatively short periods of time.
Under this flow regime the phosphorus measurements, at
1ntervéis of one or two weeks, did not provide any information
on the phosphorus behaviour during floods, except one data -
point which indicated that the phosphorus concentration was
very high. Plotting the phosphorus | concentration versus
discharge (Fig 4.4) 4ndicated that (1) the concentration
increases with discharge, (2) there is scatter in the plotted
points, and (3) no information is available as to the behaviour
of phosphorus during flood events. |

Along the river channel, on a selected day during a flood
event abrupt changes 1in the phesphorus concentration were
measured (Fig 4.5), that 1s, high transient effects are ,
apparent, 3nduced by flood waves entering the main river
channel at different points along the channel,
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In the main channel clearly the behaviour of phosphorus
during flood events demand closer scrutiny; this implies that
during flood events the frequency of sampling of phosphorus
should be increased to such a level that a time series of
phosphorus concentration (chemograph) could be distinguished.
This chemograph, jin association with the discharge hydrograph
should provide informattion aS to the phosphorus Joad exported.

The transient behaviour along the main river channel makes
it virtually impossible to estimate the nonpoint source
contributions by dodng mass balances. Contributions of
phosphorus from tr1butaf1es draining nonpoint sources therefore
need to be assessed individually. Again, this Jimplies high
frequency sampiing during flood events.

Adequate monitoring of nonpoint source subcatchments is
particularly important because the chemograph in association
with the discharge hydrograph provides information to develop F]
relationship between the discharge and phosphorus concentration
for incorporation in a model.

By plotting the phosphorus concentration down the ﬁength of
the nmib river channel from headwaters to Dr1e Heuwels Weir,
under steady state high and low flow conditions respectively
(see Figs 4.6 and 4.7) it became apparent that the stations
upstream of Paarl on the main river channel (7A, 18 and 4A) may
be omitted from the monitoring network because there appear to
" be no major finputs of phosphorus in this stretch of the river.
Sampling station 16A also could be omitted; under both high and
Jow flow conditions the remaining stations provided suff1c1eht
informatton for the description of the phosphorus profile (see
Figs 4.6 and 4.7). : '
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3 MAIN SURVEY

The information derived from the preliminary survey
indicated that a greater emphasis should be placed on obtaining
water quality data for: (1) latera) inflows to the main river

channel, particularly phosphorus contributed from nonpoint
sources, and (2) obtaining information on the transient

behaviour of phosphorus during flood events.

3.1 Sampling location : Main Survey

Taking account of the observations mentioned above, the
following sampling stations were selected. On the main river
channel, eight sampling stations were located, as shown in
Fig 4.8,

(1) Stations 9A and 138 were selected to measure water
quality upstream and downstream of the municipal
wastewater discharges from Paarl and Wellington as in
the preliminary survey.

(2) At Station 230 the downstream water quality was
measured.

(3) Ftve sampling stations were located between these to
provide water quality information on the spatial
variation along the matn river channel (Stai1ons: 15A,
174, 18A, 21A and 22A).

To monitor the contribution of. phosphorus from lateral
sources six sampling stations were located on tributaries
selected constdering their location on the east and west banks,
their spacing in the drainage basin, and had continuous flow
gauging: -

a S BB B E BN S = B EEEEETTE
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(1) Xrom River (Station 148)
(2) Doringspruit ‘ {Station 15D)
(3) Kompagnies River {Station 178)
(4) Canal from Voélviet Dam (Station 21D)
{5) Klein Berq River (Station 23A)
(6) Sandspruit {Station 23B)

In addition, the two stations were located on the discharge |

Jines of the Paarl and Wellington wastewater treatment works to
menitor the phosphorus loading from these sources (Stations
PSTW and WSTW). The location of the sampling stations ts shown
in Fig 4.8.

3.2 Sampling frequency: Main survey

The sampling -frequency on the main river channel and
tributaries was selected from the following considerations.
From the prelimihary survey it was evident that during the dry
period i.e. low flow periods, the phosphorus concentration at
selected points along the river, and from the tributaries
tended to be fairly stable. Consequently, the frequency of
sampling was instituted at between 10 to 14 days.

One of the most important pleces of information derived
fﬁom the preliminary .survey was that the peak phosphorus
concentration s assoclated with peak river discharge.
Consequently, a manual sampling frequency approximately
proportional to flow, was proposed. High flow periods could be
predicted fair]y.we11 from weather forecasts. When the forecast
indicated a rainy period the proportional sampling procedure
was implemented. The highest fréquency of sampling was
approximately once 'every hour 1n order to obtain pretise
information of the phosphorus movement under flood. conditions.
During off peak pertiods the frequency of sampling was-reduced;

under sustained high flow conditions the sampling was reduced
to once a day.
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At Drie Heuwels Weir (Station 23D), the phosphorus
chemographs associated with flood events were found to be
attenuated and samples were collected every 19 hours using an
automatic sampling device; the method s described in
Section 3.4.

3.3 Sampling periods

The monitoring network was operated from November 1983
until October 1986, a total period of three years which was
subdivided into six consecutive 180-day periods.

These periods are numbered sequenttally and approximately
coincide with the dry and wet seasons of the Western Cape.
Further information 3s given on each period in Yable 4.1.

Table 4.1 Description of data periods. -

Perjod No: Start date: End Date: Season: Runoff:

] 24/11/83 22/05/84  summer Tow

2 23/05/84 18/11/84  winter - high
3 19/11/84 17/05/85  summer  low

4 18/05/85 05/11/85  winter high
5 06/11/85 04/05/86 summer Tow

6

05/05/86 31/11/86 winter high
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3.4 Field methods

At each sampling station indicated in Figs 4.2 and 4.8, the
following field methods were used:

(1)

(2)

Two water samples were collected: one. sample (one
1itre volume) for total suspended solids analysis and
one sample (335 mt volume) for nutrient analysis
(total phosphorus and soluble ortho-phosphate). The
sample bottles were made of high density polyethylene
with a high density water tight 1id. The bottles were
thoroughly rinsed in river water prior to collection
of the samplie, which was taken from a mid-depth level,
at least 2 m from the river bank to avoid disturbance
of river sediments. The nutrient sample was preserved
with 20 mg/% mercury {(1I) chloride, stored at
approximately 10°C in an insulated container, prior to
analysis. Analytical methods are described by van
Viiet, Sartory,; Schoonraad, Kempster and Gerber (1988).

At gqauging weirs, the river discharge was determined
by reading the stage height and converting this
reading into river discharge using the discharge
rating-curve table for the specific weir. The rating
curve tables were developed by the-Department of Water
Affairs (Directorate of Hydrology). At sampling
stations along the main river channel without gauging
facilities (1.e. Stations 13B, 17A, 1BA, 21A, 22A) a
manual flow determination method was used, based on
the method developed by Robins and Crawford (1954):

- The width of the river (W) Is measured using a
thirty-metre measuring tape stretched across the
river from bank to bank, secured at either end by
metal pegs; |
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- the profile of the river 1is determined by
dividing the 'total river width into six (J)
sub-widths of length, L1§ The river depth
(di) was measured at each sub-width using a

levelling staff;

- the mean flow velocity (V1) within each
sub-width is determined using a portable Ott Flow

Meter. ; ,
= Lot
S

In Fig 4.9 a sketch of the river cross sebtion'ﬁhows the
dimensions and terms described above. The total river-dfscharge
(O) is calculated as the sum of the discharges for each of

'the sub-widths, ca]cuIated from

J
q, =1§§(d1 Ly) Vj) I (4.7}

Fig 4.9 Schematic diagram of cross section of river showing
terms used in Eq (4.1).
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(3} During Periods 4 and ©® an automatic sampler was
installed at Drie Heuwels Weir {Station 23D). This was
done to obtain as accurate a description of the
phosphorus chemograph as possible. This station is
located at the bottom of the study area being
tnvestigated and consequently the data could serve
both for calibration and verification of the proposed
hydrodynamic phosphorus transport model. The data from
Period 6 were used for model calibration (measured
phosphorus values were obtained at most of the flood
hydrographs) and the data for Period 4 used for mode)
verification.

(4) Riverbed sediments were collected during Jow river
flow in Period 5 and during high flow in Period 6, at
Stattons 9A, 13B, 18A and 21A. At each station, two
500 ma wide necked bottles were filled with the
riverbed  sediment removed from an area .of
approximately 150 mm by 150 mm to a depth of
approximately 20 mm. One sample preserved with
20 mg/2 mercury (II) chloride was dispatched for
total phosphorus analysis, while the other was used
for granulometric analysis. To determine the median
sieve size of the riverbed sediments gqranulometric
methods were used which are reported in the standard
test methods {van Vitet et al., 1988).

3.5 Compilation of flow data

The gauging weirs Jlocated in the Berg River are operated
and maintained by the Directorate of Hydrology, Department of
Water Affairs, at Sandhills near Worcester. The recorded data
for the gauging weirs shown on Fig 4.1, for the survey period
{November 1983 - October 1986) were processed as follows:

|
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(1) The -hydrograph recorded at the 'Qeir is. 4n analog
format (of stage readings) and digitized at 12-hourly
" intervals at: 12h00 (noon) and GOhOO {midnight).

(2) The stage values for each time interval are converted
to the discharge value using the stage/discharge table
for the specific gqgauging weir.

(3) The data are saved on floppy disk (using the program
DISKID, see Appendix 2).

Due to the consistent maintenance and inspection of the
gauging weirs in the Berg River catchmeént by the Department of
Water Affadrs a complete record of flow was avallable for the
upstream station at Paarl (Station 9A). Ai other -gauging weirs
malfunctioning of the recorder equipment occurred very
infrequently. To patch the missing flow data records, 1linear
tnterpolation was used to generate the flow values over the
period of missing data. Fortunately, the gauging chart sheets
were changed once a week so that loss of data wouid extend a
maximum of seven days. Over the sampling period of three years
flow data were patched for 5 weirs, on 11 occasions.

4  SUMMARY

(1) The tterative approach to monitoring network design
allowed evolution of -an - effictent scheme for
collecting water quality data. In particular,
development of a variable interval sampling frequency
was of crucial importance 1n obtaining optimal
information  from the monitoring -~ effort -

fixed-interval sampling frequency would have given

greatly reduced information for the same effort.



(2)

(3)
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Application of flow-proportional sampling frequenci
provided detailed information on the temporal
variation eih1b1ted in the phosphorus concentratton of
lateral inflows and along the main river channel. This
had particular Iimportance during flood events and
periods of high flow when abrupt spatial and temporal
gradients in the phosphorus concentration were

. observed,

Use of an automatic sampler at Drie Heuwels Weir,
during Periods 4 and 6, provided a water quality data
set containing phosphorus measurements taken every 19
hours. These data were tmportant 1in defining the
downstream  boundary conditions accurately, for
subsequent use in model calibration.
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CHAPTER 5

DATA PRESENTATION AND ANALYSIS

The objective of this chapter is to: (1) present water

quality and river flow daté collected during the preliminary
and main river surveys; (2) process the data to show the
temporal and spatial varjation in quality and flow; and
(3) examine the interdependence between varijables.

To simplify analysis, the data set will be divided into two
groups: (1) data assoctated with sampling stations located on
the majin river channel; and (2) data associated with the
tateral inflows ta the main river channel.

1 ANALYSIS OF FLOW DATA
1.7 Main river channel

Within the study area, the main river channel is gauged at
North Paar) (Station 9A) and Drie Heuwels Weir (Station 230}.
In Fig 5.1 the hydrographs for the gauging weir at North Paar)
(Station 9A) are shown for Perfods 1 to 6. During low flow
(summer perjods) the river discharge ranges from between 0.2.to
2 cumecs: during high flow (winter periods) the discharge may
exceed 200 cumecs. After a single flood event the recession

1tmb of the hydrograph may extend for a perﬁod of up to 70 days .

before the base flow conditien is re-established. During
successive flood events, the frequency of storm events may
prevent the river discharge from returning to a basefiow
condition. This 1s illustrated in Fig 5.2, during the winter
flow Period 6 (of 180-days) there were 10 storm events over a
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periocd of 100 days, in which time the recession limbs of the

hydrograph were truncated, lasting only a few days before the
next storm. .

At Paarl during the summer, Periods 1, 3 and 5, (each a
period of 180 days) the total runcff ranged from 2.0 to
17.2 mi1l4on cubic metres. During the winter, Periods 2, 4 and
6, the total runoff per 180-days ranged between 34.7 and 57.8
m¥11on cubic metres.

At Drie Heuwels Weir, 90 km downstream of Paarl, the flood

hydrographs have characteristics similar to the upstream .

hydrographs, except that at Drie Heuwels the peaks are higher,
there 1s a time shift of peaks with respect to the peaks at
Paar} and the peaks are more attenuated (Fig 5.3).

To caiculate the total river discharge for each Pericd, the
hydrdgraphs for Station 9A and 230 during Periods 1 to 6 were
inteqgrated and the total discharge volumes per period are shown
in Fig 5.4. During Perlods 3 and 5 {low flow conditiocns) the
total runoff at Paarl and at Orie Heuwels Weir are
approximately equal, provisionally 1indicating that lateral
inflows and abstraction and infiltration between Paar) and Drie
Heuwels Welr tended to compensate each other., However, during
Periods 2, 4 and 6 (high flow conditions) the differences 1in
the total runoff between these two stations are pronounced,
brought about by the substantial inflow from lateral sources
over the 90 km reach. '

All the gauged tributaries discharging between Station 9A
and 23D were added to the discharge at Statton 9A to give a
calculated estimate of the discharge at 230, for each peried.
In Fig 5.5 the calculated and measured discharges at Orie
Heuwels Weir are shown. Ouring the high flow periods, the
calculated discharges are significantly less than the measured
flow for reason of the substantial inflow from ungauged areas.
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During the low flow period, the calculated discharge tends
to be more than the measured; the most likely reasons are
abstraction by riparian users along the river channel, and
seepage losses from the river channel to the ground water
{effects which are not accounted for in the calculated flow).

1.2 Polint sources

Hydrographs of the effluent discharges from the wastewater
treatment works at Paar? and Wellington are shown in Fig 5.6
for Period 6. Influx of stormwater to the sewerage system gives
rise to a pattern of rising and falling discharge at the
beginning and towards the end of the wet peritod, falling to as
tow as 50 percent of the peak discharges. Also during the
summer months a small proportion of the effluent from the
Wellington warks 4s used to irrigate the local golf course

resulting, on occasion, in an effluent discharge of as low as
0.0% cumec.

1.3 Tributaries

The mean annual runoff from gauged tributaries to the main
river channel between Paarl and Drie Heuwels Weir are shown
volumetrically (millions of cubic metres per year) in Fig 5.7,
and as yield (mm of runoff per year) in Fig 5.8. Tributaries on
the west bank of the main river channel have a reiatively low
yleld compared with tributaries on the east bank which arises
from differences in the rainfall and runoff characteristics of
the two groups of subcatchments. This is #1llustrated by the
discharge hydrographs from two drainage areas (the Kompagnies
River and Sandspruit), of approximately the same size, located
respectively in the east and west of the drainage basin, see
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Fig 5.9. The Kompagnies River 3Is located in mid-catchment on
the east bank of the main river channel and has a total surface
area of 120.9 km’ (see Fig 5.7). The Sandsprutt is located in
the lower section of the catchment on the west bank of the main
river channel and has a total area of 150.3 km2. Both
subcatchments have dryland farming, but the XKompagnies also has

a small percentage of the drainage area under irrigatton.

Comparisen of the hydrographs shows that these tributaries
not only have different yields (mm per year) but also have
different runoff responses. During winter high flow period the
Sandspruit shows a rapid hydrograph response with a peak
discharge of 9 cumecs and a recession hydrograph limb lasting
for a maximum of 6 days; baseflow during the dry spells ranges
from 0 to 0.02 cumec. In contrast, the Kompagnies River has a
peak discharge in excess of 25 cumecs and hydrograph recession
curve lasting up te 15 days; baseflow ranges around 0.05 cumec
(Fig 5.9). Other tributaries in the Berg River basin have
hydrograph responses similar to the ones presented above but
with some variation in runoff response caused by differences in
the geology, land use, soi} type, topography, climate and size
of the subcatchments. '

To supply irrigation water during the dry summer periods,
compensation water is released from Voelvlel Dam into the Berg
River. Summer releases range from 0.2 to 1.0 cumecs. During the
wet winter period water is released from Voélviel Dam to
maintain the water level in the impoundment at an acceptable
operational level. Typical hydrographs for summer and winter
pertods are shown in Fig 5.10.

Based on the information given above, the flow regime of
the river channel between Paarl and Drie Heuwels Weir is
governed by:
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{1) The upstream hydrograph at Paarl.

(2) The gauged flow tnputs for point sources (municipal
discharges and Voélvlel Dam) and tributaries.

(3) The ungauged flow inputs from tributaries and direct
surface runcff. '

(4) In—channel losses.
(5) Riparian abstraction,

The summation of these runoff components glves f1se to

sfeady'flow conditions during the summer dry period and rapid

tempora) and spatial variattons during the winter rainy season,

2 ANALYSIS OF PHOSPHORUS DATA

The phosphorus concentration aata collected during the
sampling program are presented under- two " headings; the
phosphorus regime in the main river channel and the phospharus
regime of the Jlateral 1inputs comprising point sources
(mun1c1pél and Vo&lvlei Dam) and nonpoint sources {tributaries
and direct runoff). - '

2.1 Maip river channel

In Fig 5.11 the phosphorus concentration data and

associated hydrograph. are shown for the gauging station at

North Paarl (Station 9A), For Period 6. During Tow river §lows
{when the Flow 13is Jess than 10 cumecs) the phosphorus
concentration ranges from 10 to 35 wg/2, during high flows
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peaks of wup to 700 wug/% can be measured. The data 1in
Fig 5.11 do not give a clear picture of the inter-relationships
between the hydrograph and chemograph response during a flood
event. To obtain this data two flood events were monitored with
the resuitant hydrograph and chemograph shown in Fig 5.12.
During the rising 1imb of a - hydrograph the phosphorus
concentration increases dramatically. However, after peak flow
there 1s a rapid reduction in the phoéphorus concentration. In
Fig 5.13 the phosphorus concentration data are plotted as a
function of the river discharge (measured at the time of
sampling). As the river discharge increases so does the
phosphorus concentration, but the relationship is associated
with a large amount of scattering of the data points. By
plotting the phosphorus concentration data for the rising and
falling limbs of the flood hydrograph it 3is apparent that
during the rising 1imb of the flcod hydrograph the phosphorus
concentration 3is very much higher compared with the same
discharge on the falling Timb (see Fig 5.13) - a hysteresis or
looped effect appears to be associated with the . phosphorus
transport from ponpoint sources. This phenomenon was also
observed by Cahill et al. (1974), Johnson et al. (1976) and
Zingales et al. (1984).

The measured phosphorus data collected at Paarl (Station-

9A) immediately upstream of the wastewater discharges and at
tady Loch Bridge 7 km downstream (Station 13B) are shown in
Fig 5.14. Comparing the individual phosphorus concentrations at
Paarl with the values measured at Lady Loch Bridge (Fig 5.14)
't 1s apparent that the effluent discharges cause an increase
in the phosphorus concentration. During low flow conditions the
phosphorus concentration at Lady Loch Bridge may be increased

by a factor of up to 7 times the phosphorus concentration

measured at Paarl. Dufing high flow condif1ons.(w1th discharges

exceeding 12 cumecs) the phosphorus concentration is only
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marginally increased at Lady Loch Bridge, by a factor of about
1.5 times. Consequently, the phosphorus concentrations at lLady
Loch Bridge are directly 1influenced by the magnitude of the
river flow and the wastewater discharges from Paarl and
Wellington treatment works. However, the situation 1s not
strajghtforward: forming a mass balance on the phosphorus
between Paarl and Lady Loch Bridge, during Tlow flow up to
70 percent of the phosphorus discharged from the treatment
works at Paar)l and Wellington did not reach Lady Loch Bridge.
Also, the rate of disappearance of phosphorus appears to be
higher between Paarl and Wellington than that downstream of
Lady Loch Bridge (see Fig 5.15).

Between Lady Loch Bridge (Station 138) and Drie Heuwels
Weir (Station 23D0) the phosphorus concentration profile 1is
markedly affected by the flow conditions, for example:

(1) During low flow conditions there is a marked reduction
in the phosphorus concentration along the main river
channel (Fig 5.16).

{2) During' Steady high flow conditions the phosphorus
concentration s steady throughout the Tlength of the
main river channel as far as Drie Heuwels Weir
(Fig 5.17).

(3) Ouring flood events at any specific time, there are
abrupt changes 1in phosphorus concentration along the
river channel (Fig 5.18). These are due to lateral
inflows and- the transient state In phosphorus
concenfration during the rising and falling limb of

the flood hydrograph. Consequently, the phosphorus

profile at any specific time will changg significantly
with the passage of time.
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1 lnput from Paarl Wastewater plant
2 input from Weliington wastewater plant

0.4 3 Input from Station 9A
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Stations along the malin river channel
Fig 5.15. . Phosphorus load calculations for Station 9A,

13B, 15A and 17A as well as the input loads
from Paarl and Wellingion wastewaler
treatment works. Samples collected on
27/2/1986 during low flow conditions.
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flood flow conditions. Samples collected on
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2.2 Point sources

In Fig 5.6 the hydrographs and in Fig 5.19 (a) the
associated phosphorus chemographs for Paarl and. Wellington
wastewater treatment works effluents are shown for Period 6.
The, phosphorus concentration from the Paarl works ranges from
1900 to 4500 ug/t and from the Wellington works from
3900 to 12 000 ug/t. Concentration decline with flow
‘increase 1indicates that the mass loading per day is
approximately constant so that with increased flow there is
some dilution effect. However there 415 some additional
phosphorus discharge during the high flow periods. This is
indicated by plotting the mass of phosphorus discharged against
time, see Fig 5.19 (b).

In Fig 5.20 the mass phosphorus discharged for both the
Paarl and Wellington works are shown for Periods 1 to 6. The
total loads over the six periods ranged from 4.2 to 11.9 tons
.for Paarl, and from 1.1 to 3.9 tons for Wellington. Again,
during the dry perijods the phosphorus 1loads are Jlower than
loads discharged during the wet winter periods.

2.3 Tributaries

The phosphorus concentration data collected -at discrete

intervals for Stations on the Krom River (Station 14B),

Kompagntes River (Station 17B), Klein Berg River (Station 23A),
and Sandspru1t (Station 238) are plotted in Figs 5.21 to 5.24
respectively, together with the assoclated hydrograph. During
conditions of baseflow, measured phosphorus concentrations
ranged from 10 to 50 wa/t. In -flood events, during
the rising 1imb of the flood hydrograph the phosphorus
cancentrations increased and reached peaks exceeding
700 ug/%; during the recession 1imb the concentration
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exhibited a rapid decline. These responses were clearly similar
to those of stations Tlocated on the main river channel
(c.f. Station 9A at Paarl, Fig 5.12). The similarity in
response between the tributaries (which receive only nonpoint
inputs) and that at Station 9A wouid indicate that the sources
of phosphorus at the Jlatter 1is also derived mainly from
nonpoint sources.

The phosphorus measurements (shown in Figs 5.11 to 5.14 and

-5.21 to 5.24) are adequate to show the behaviour of phosphorus

transport but inadequate to calculate accurately the mass
transport of phosphorus over a given time interval,
particularly during flood events. Further processing of the
phosphorus data will require the development of mathematical
techniques to assist in the integration of these discrete data
values in order to calculate the total phosphorus locad over an
extended time base, see Chapter 7.

In Fig 65.25 the 1instantaneous phosphorus Tloads are
calculated for one set of sampling data (collected during high
river flow on 11/7/1985). The contribution of phospherus from
gauged point and nonpoint sources make up about 74 percent of
the phosphorus Joad measured at Drie Heuwels Weir, the
remaining - 26 percent of the measured Toad contributed by
ungauged inputs and scouring of the riverbed material.
Consequently, the modelling of phosphorus transport behaviour
in the Berg River must take particular account of the influx
from point and nonpoint sources as well as phosphorus
remobilization from bottom sediments.
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2.4 River sediment samples

Phosphorus bed load estimation requires the collection of
sediment samples from the riverbed for the determination of:
the median particle size and the phosphorus content. Four
sampling stations were chosen along the main river channel:
Station 9A (the upstream point), Station 13B (point immediately
downstream of the effluent discharges), Station 21A and Station
22A (the downstream point).

Two batches of samples were collected: one batch collected
during the summer low flow pertod (Period 5), and the second
batch col)ected durtng the winter high flow period (middle of
Pertod 6). The median particle size and phosphorus content for
these samples are shown in Fig 5.26. The median particle size
decreases down the length of the river correSpondihg to the
changing morphology of the riverbed substrate, from coarse
material at Paar1.\to fine s11t materjal at Station 22A (70 km
downstream). This corresponds to the decrease in median
particle size from 0.6 mm at Paarl, to 0.35 mm at Station 22A.

The phosphorus content of the sediment sampies (expressed
as mg P/g of sediment) are shown in Fig .5.26, reflecting a

- constant value for the phosphorus concentration between

individua) stations and for the summer and winter periods. This
information indicates that the sedimentation of phosphorus in
proximity to the wastewater uorks and the scour of bed materia}l
during the winter storms have a minimal Influence on the
phosphorus content of the riverbed sediments.
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Total suspended solids data:

Water samples were collected for total suspended solids
analysis at Stations 9A, 4B, and 230 to provide some
information on the relationship between the mass transport of
phosphorus and wash load. In Fig 5.27 the fotal suspended
solids (TSS) concentration data for Station 9A are shown. The
peak in the 7SS concentration is associated with the peak river
discharge, with the concentration reducing abruptly after peak
flow (Cooke, 1988; Irvine and Drake, 1987). During peak flow
the maximum recorded TSS concentration 3Js 1 700 mg/% and
during low flow the value ranges between less than 1 te
19 mg/t. In Fig 5.28 the total suspended solids concentration
is plotted versus flow showing that the concentration of total
suspended solids increases with flow but a wide scatter of data
points }s associated with the relationship. Further'process1ng
of the data shown in Fig 5.28 indicates that the suspended
solids concentration is higher on the rising limb of the Flood
hydrograph compared with the same discharge on the falling 1imb
(Irvine and Orake, 1987). Based on this information it is
apparent that processes finfluencing the export of phosphorus
and TSS during flood events are closely related.

3 SUMMARY

Analysis of the water quality and associated flow data
provide the following information about the behaviour of
phosphorus in drainage basins:

(V) In a storm event, the export of phesphorus from
* nonpoint sources gives rise to a higher phosphorus
concentration during the rising 1imb of the flood
hydrograph than during the recesston limb; exhibiting
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the s¢ called hysteresis effect. This behaviour
applies to both the tributaries and the main river
channel discharges. The discharge and concentration
characteristics of the lateral flows therefore appear
to have a significant effect on the main channel
characteristics. This implies that for a reliable
chemo-hydrodynamic description of the main channel
discharge the lateral nonpoint hydrographs and
associated phosphorus concentrations form essential
Iinputs.

The transport of phosphorus along the main river
channel {s influenced by two discharge-dependent
processes: removal of phosphorus from the water column
and remobtlization of phosphorus Into the water
column. During low Fflow, physical, chemical and
biological removal of phosphorus from the water column
of the river to sediments has a pronounced effect on
the phosphorus concentration along the main river
channel. OQuring high flaw; phospherus s remobilized
from river sediments to the water column of the river.

During low flow, the phosphorus contribution from
boint sources plays an important role in the
phosphorus budget of the river channel; under high
flow conditions the nonpoint sources dominate the
phosphorus budget of the river.

In a river in which the flow pattern is dominated by
flood events, Dbecause of the high phosphorus

.concentration transients associated with Flood waves,

weekly and dally sampling are 1nadequate to allow
reltable estimates to be made on the mass of
phosphorus transported. It would seem that procedures
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need to be developed whereby, from continuous flow
hydrograph and discrete phosphorus measurements, a
continuous time series of phosphorus values can be
generated, from which the phosphorus 1lecad can be
estimated. '

For an adequate description of the phosphorus
transport along the main river channel it is essential
to have a hydrodynamic description of the river flow
along the main river channel. Such a hydrodynamic flow
model must take into account the ungauged lateral
runoff as well as the influences of in-channel losses
and abstractions.

In Chapters 6 and 7 the conclusions given above will be

1ﬁp1emented to develop a hydro-phosphorus transport model.
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CHAPTER 6

DEVELOPMENT OF HYDRODYNAMIC FLOW MODEL

1 INTRODUCTION

In Chapter 5, amongst the number of conclusions, there are
two important ones in regard to, phosphorus export to the river
channel, and phosphorus transport along the river channe); viz.

(1) Export of phosphorus from nonpoint sources gives rise
to higher phosphorus concentrations during the rising
1imb than during the falling 1imb of the nonpoint
source hydrograph, Vexh1b1t1ng a hysteresis effect -
the phosphorus export to the river channel s
significantly affected by the magnitude of the flow
from the nonpoint sources.

(2) Transport of phosphorus along the river channel 1is
influenced by removal from the water column to the .
channel bed and remobjlization Ffrom the bed to the
water column. Both processes are dependent on the
magnitude of the river discharge.

The two conclusions above are sufficient to establish that
the hydrodynamic flow regime in the river tributaries and the
river channe! are Inextricably linked to ~the export of
phosphorus to the river channel and along the channel.
Conceptually the interactton of the flow on the phosphorus
export and transport can be depicted as 1n Fig 6.1. The

_hydrodynamic _behaviour s completely jndependent of the

phosphorus transport whereas the phospharus transport is
heavily dependent on the hydrodynamic behaviour.



HYDRODYNAMI C:S PHOSPHORUS DYNAMICS

(NPUT HYDROGRAPHS TO INPUT PHOSPHORUS
MAIN RIVER CHANNEL CHEMOGRAPH TO MAIN
CHANNEL

POINT NONPOINT

SOURCE SOURCE N POINT NONPOINT

HYDROGRAPH| HYDROGRAPH [- *| SOURCE SOURCE
iaAuarD] GAUGED & UNGAUQED CHEMOGRAPH | CHEMOGRAPH

CHANNEL - CHANNEL TRANSPORT

CHARACTERISTICS — | | OSSES: SEDIMENTATION

(SLOPE, CROSS-SECTION GAINS : REMOBILIZATION

FLOW CONSTANTS) |

BED TRANSPORT

)
FLOW ABSTRACTION AND
CHANNEL LOSSES

i N
CHANNEL HYDROGRAPH PHOSPHORUS CHEMOGRAPH
(OUTPUT) (OUTPUT)

e | PHOSPHORUS LOADOGRAPH | armwmmmme

Fig 6.1. Framework showing the major processes
gssoclated with the transport of phosphorus
along river channels.

!

2'9



6.3

In this chapter attention will be focused on the

_hydrodynamic description; in Chapter 7 the phosphorus transport

aspect will be addressed.

2  MODEL SELECTION

The basic mathematica! model describing the flow In open
channels s thaf due to Saint-Venant, in which he derived two
equations, the continuity and momentum equations, to describe
the movement of water along a channel. The continuity equation
is

aQ/ax + A/t =q e (6.1)
where
A = flow cross sectional area (mz).

= discharge (cumecs),
q = Jateral discharge per unit Jlength of channe)

{cumecs/m),
t = time (s}, and

X = distance (m}.

Equation (6.1) has two unknowns A and Q and hence a second
independent equation s required to obtaln a solution. This
equation 1s derived considering the energy re]ation;hips in a
small segment of the channe) length, dx, and leads to the
momentum equation, Eq (6.2).
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So -~ Se = v/g av/ax + 1/g av/at + ay/ax

..... (6.2)
where
S0 = bed siope,
Se = energy slope,

v = flow velocity (m/s),

g = acceleration due to gravity (m/sz).
y a depth of flow (m).

The terms in the left hand side of Eq (6.2) represent the
bed and energy slopes, and those on the right-hand side the
convective and local accelerations and pressure head,
respectively.

As yet the model proposed by Saint-Venant per se has found
1ittle practical application because of the difficulties in
describing the boundary conditions. As a consequence various
simplifications have been proposed to the momentum equation, by
neglecting certain terms, or indeed, replacing the momentum
equation by another that indirectly includes the energy
effects. These simplified models have the advantages that the
boundary effects can be accounted for by caltbration (to a
greater or lesser degree) and the solution procedures are
easier. The simplified models of course have the disadvantages
that the simulation can reproduce the observed behaviour only
approximately depending on the simplification, and with each

set of simplifications the range of problems that can be
resolved is restricted.

A number of simplified medels have been published in the
Titerature to suit specific classes of problems, see Table 6.1.
These modéls often are accompanied by suggested numerical
techniques to obtain solutions. In selecting a model it is
essential to take cognizance of (1) the model requirements viz.
boundary conditions, channel description and (2) the desired
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outputs. Considering (2) the output ghou]d be a reasonable
description of the channel hydrograph at any selected point
along the main river channel; this 1is necessary because we
shall show 3in Chapter 7 that the phosphorus chemograph 1is
implicitly Tinked to the Fflow hydrograph. With regard to (1)
from practica) limitations, channel description 1is possible
only in the crudest terms - the momentum equation needs to be
replaced by a velocity or diécharge equation of the simplest
form in which the “constants" defining the wveloctty or
discharge can be readily estimated in the field.

"YTable 6.1 List of hydrodynamic models investigated.

Model: : Author: Year:

Impiicit dynamic ‘
routing Fread : {1973)

Kinematic wave

approximation L1, Simoﬁs and Stevens {1975)
Kinematic wave )
approximation Ly (1979)
bDiffusion and |

kinematic wave Weinmann and Laurenson (1979)
Linear reservoirs Ponce : (1980}
Convection-diffusion Koussis ' (1980)
Diffusion-wave Akan and Yen ' (1981)
Adveétion-dispersion Koussis, Saenz and Tollils (1983)
Nonlinear Routing | Bates and Pilgrim (1985)
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In selecting a model the complexity of the model must be
balanced by the required output and' the input data that are
available; these were the considerations that entered in the
selection of the model proposed by L) et al). (1975), from the
number of models examined (shown in Table 6.1) L% et al. (1975)
replace the momentum equation by

where o and B8 are constants.

Some of the other models also may have served our purpose,
but the practicality with which this model couid be calibrated
from avajlable data and 1its ability to give reasonable
simulation of‘the observed behaviour, Justified its selection.

3 " NUMERICAL SOLUTION

The model proposed by L} et al. (1975) uses a four-point
implicit solution scheme with a rectangular x-t grid using the
discharge values of three points (Q1, Q2 and {3) to determine
the fourth unknown discharge (Q4). In Fig 6.2 the rectanguiar
x-t grid s shown. For convenience, the Increment of time,
At, s usually taken as constant, however, the river
distance, Ax, may vary between grid points. Equation (6.1) is
written in finite difference form to give

[(Q4-Q3)/ax(1-a) + (Q2-Q1)/ax(a)} +
[(A4-A2)/at(1-b) + (A3-A1)/at(b)] =

0,5[{1-b)g4 + b g3 + (1-b)g2 + b qi]
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where
a = the time-weighting factor, and
b = the space weighting factor.

Converting the discharge, @, to cross sectional area, A,
using £q (6.3) we obtain .,

at/ax Q8(1-a) + aQ8B(1-b) -
at/ax [Q3(1-a) - (Q2-Q1){a)] +
(a02%(1-b) - (a03® - a01Py(b)] +
[4t/2[(1-b)g4 + b q3 + (1-b)q2 + b ql]

The right-hand side of Eq (6.5) contains only known

quantities, which for convenience are represented by Q.
where

Q = at/ax[Q3(1-a) - (g2-Q1)(a)] +
B o aBymyg e
[0,5 At[(1-D)q4 + b q3 + (1-b) q2 + bq1)

(a02P(1-b) - (a03

veere (B.6)
let 0 = At/ax and + = Q4.
then the left-hand side of Eq (6.5) can be written as

f(r) = 8(1-a)r + a{1-b)s® ... (6.7)
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The solution to Egq (6.5) 1is the solution, <%, which
satisfies the condition

f(r4) = o(1-a)e* + a(1-b)7d = @

Equation (6.8) is nonlinear in «* and 1s solved using an

iterative technigque. Llet 1 be the value of r at the

rth tteration. . The Taylor series' expansion of the function

f£(r) around " 1s

f(r):f(r‘)+(r~r‘)f'(:‘)+"2(r-r‘)zf-(f‘)

M- 3 (1) -

in  which  f'(cF),  f''(x™)  and  f''(rF)  are
the first, second and third derivatives of the function at

+*. Dropping terms higher than third order one obtains

Fr)=F(x) + (r=1")F" (1) +
]/2(1"‘")2 f'"(‘l")

..... (6.10)
Iteration forces F(+**') to approach the value
Q= f(%) ¢ () - V(L") 4
0.5¢+**1 - )2 £11(+)
...... (6.11)
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The solutlon of Eq (6.11) is

)
x Y2 5
] KX [ 3
.:H _ Tx i F'(r ) . {f'(t )} ) 2AF(r )-8]
® - K 3
pey el e | ey
where
F(") = o(1-a)r" + a{1-b)(+")®
..... (6.13)
F1(x") = 6(1-a) + aB(1-b)(<")2"
..... (6.14)
o) = aB(B-1)(1-b)}(+")B~2
: L (6.15)

The 1iteration is stopped when the difference between the
left-hand sjde and right-hand side is less than a selected
tolerance e.9. ¢<0.01Q when

x+]

- f(e Yy -Ql<e. L {6.16)

3.1 Solution initiation

The key to rapid convergence 1s the choice of the initial
value for Q4. This 1s best achieved using a linear scheme to
obtain the first approximation.
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In the mass continuity equation, Eq (6.1), write p
ag/at = (aA/aﬁ)(aQ/at) | EEEEEEES (6.17)
Froﬁ Eq (5.3) we get
apsag = o80®™' L (6.18)
Substitution of Eqs (6.17 and 6.18) into Eq (6.1) yields
q=a/x +aB® ot L. (6.19)
The ffnite difference form of Eq (6.19) 1s as follows

(Q4-Q3)/Ax(1-a) + (Q2-Q1)/ax(a) +
 @B[(03 + 02)721%" [(Q4-Q2)/at(1-b) + (Q3-Q1)/at(b)]

. ‘fzggz;b)qa +b g3+ (1-b)g2 + b ql]

..... (6.20)
Qhere to = Q4 and solving for o gives
(ga+gz)B‘1 -1
v0 = [(1-a)/Ax + aB ? (1-b)/At]
Q3/ax(1-a) - (02-Q1)/ax(a) - aB[(03+q2)/21%"!
{Q2/at(1-b) + (Q3-01)/at(b)] +
V/20¢1-b)qd + b q3 + (1-b) q2 + b q1]
L (6.21)

This solution is employed in the computer program, QMODEL,

which simylates the flow hydrographs at discrete peints along

the main river channe]lof_the Berg River, see Appendix 2.



4  MODEL CALIBRATION

4.7 Calibration strateqy

The following is an outline of the scheme to calibrate the
model. The sequence below should, in the main, serve for
calibration of the model for other river chanrels.

(1) Calibratton period:

The c¢alibration period should span an annual cycle of flow
for which the maxtmum amount of Information has been
obtatned.

{2} Upstream and downstream hydrographs:

0f the greatest Iimportance ts the availability of accurate
upstream and downstream hydrographs taken over the same
period. This requirement iJs definitive, without ¥t no
reliable calibration 3s possible. It is essentilal therefore
that the gauging weirs at these two locattons are accurate
over the full range of flows to be simulated.

{3) Division of the maln river channel into sub-reaches:

Although the sub-reaches may be equal in length, it s more
1ikely that each reach will have a different length. This
}s because the points of diviston are usually determined by
the location of water quality sampling stations.

Gl EE Gr A OB S0 G SN B B BN B G o a6 S BE BE B R Em
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(4) Lateral inflow hydrographs observed over the same
period as in (2) above and their location along the
main river channel:

It ¥s unlikely that a complete set of such measuyrements
will be avallable 1.e. the avatlability may range from
nothing to near 100 percent. The more complete the

Anformation on lateral inflow data the more reifable the

simulation. Even 3f no lateral inflow data are avallable,
providing the wupstream and downstream hydrographs are
accurate, it s possible to make an estimation of a
*Jumped® Jateral discharge hydrograph by repeated trials
us1nd the upstream hydrograph with trial lateral discharge
hydrographs' until the observed downstream hydrograph 1is
simulated correctly.

Where there are gauged tributaries more or Jless evenly
spaced along the channel with at least one gauging weir in
each sub-reach, 1t may be possible to estimate the ungauged
hydrograph for each sub-reach by multiplying the gauged
hydrograph by the ratio of the ungauged runoff area to the
gauged area for the respective sub-reaches, see Section 4.2.

,(55 Estimatton of the coefficients a and B in Eqs (6.4

to 6.8, 6.20 and 6.21) for each sup-reach:

These values are determined from field measurements of the
flow cross sectional area (A) at the corresponding flow (Q)
over a range of discharges (see Section 4.2). If a
sub-reach s ungauged, Q wil) have to be estimated by
manual methods (see Chapter 4, Section 3.4).



6.14

(6) Estimation of the weighting factors a and b, in
Eqs (6.4 to 6.8, 6.20 and 6.21}):

These factors are components of the numerical scheme
‘Ytself. LI (1979) states that these must have numerical
values between O and 0.5, to ensure stability in the
numerical scheme. From trial simulations it would appear
that the influence of these weighting factors on the
simulated channel hydrograph are not marked and values of
a=0.4 and b=0.3, seem adequate (see Section 4.2).

(7) Latera) outflows:

Data on channeil seepage losses are, as a result of their
insidious nature, not directly measurable. Data on
abstractions are seldom reliable. Usually lateral outflow
data are either unreliable or not available. However,
lateral Tlosses are significant only during Jow Flow
periods. These are also the times when the magnitude of the
Tateral losses can be assessed most readily, providing the
upstream and downstream hydrographs and estimates of the
lateral inflows during these periods, are available, By
performing repeated simulations for the Jlow flow periods
and by incorporating different qutflow rates per sub-reach,
the rate that allows the closest correspondence between the
observed and simulated downstream hydrograph, forms an
estimate of the seepage loss/abstraction rates (see
Section 4.2).

4.2 Calibration of the Berqg River hydrodynamic model

In this section the calibration of the hydrodynamic model
for the Berg River wlll be set out in detail, following the
calibration strategy outlined above.



(1) Calibration period:

Two consecutive 180-day periods were used to calibrate the
model: Perjod 5 (November 1985 to 1986) and Period 6 (May
1986 to November 1986). These two periods span the third
hydrologic year in this investigation. Due to the
experience gained in collecting data during the previous
two cycles, the data in the third year are the most

comprehensive.
(2) Upper and lower channel hydrographs:

The upper and lower hydrographs, forming the boundary
hydrographs for the channel length being modelled, are-
located at gauging welrs GIM20 and GIM13 (see Fig 6.3). It
was mentioned in Section 4.1 that a prime requirement for
calibration of the model! is that the gauging weirs at the
upper and Tower ends are accurate. At the time this
investigation was commenced (November 1983) the accuracies
of these weirs were estimated to be + 5 percent at low flow
and + 10 hercent at high flow (Pers. Comm. van Wyk, 1988).
However, these estimates refer to the time before
Misverstand Diversion Weir was constructed fin T1977. The
gauging weir at Drie Heuwels, a sharp crested weir, lies
about 17 km upstream of Misverstand Welr. The height of the
welr wall above bed level s 5 m. The mean bed slope
between Misverstand and Drie Heuwels is about 1:3000, thus
the sharp crest level of the gauging weir is about 1.50 m
above the flood crest level of the Misverstand Welr, see
Fig 6.4.
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Misverstand Welr Drie Heuwels Weir
G1R03 ‘ G1M13
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. 17.9 km
Bed Sliope : 1:3000

Fig 6.4. Schematie diagram of the relationship between
full supply level of the impounded water at
Mlisvecrstand Welr (G1R03) and the gauging weir
at Drie Heuwels (GIM13)., The term "A"
represents the difference in level between
full supply at Misverstand and the gauging
welr crest al Drie Heuwels.
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Calculation of the backwater curves from Misverstand, at
different Flow rates in the river, indicate that above
fiows of about 120 to 150 cumecs the back-water curve is
Tikely to interfere with the calibration of Drie Heuwels
Weir, see Fig 6.4 (Pers. Comm. Rowlston, 1988). The
interference effect will be even greater should {1) a flood
discharge occur in the Matjies River (6 km downstream of
Drie Heuwels Weir) at the same time as a flood in the main
river channel and (31) over-bank flow occur in the main
river channel downstream of the weir during high flows.
These effects will resylt in the backwater curve rising
even higher. In Figs 6.5 and 6.6 the Drie Heuwels Weir is
shown under low and high flows respectively. The drowned
state of the gauging welr is readily apparent n Fig 6.6,
at the rated discharge of 200 cumecs (stage head of 2.5 m);
‘there s no free fall or indeed, any indication of the weir
Ytself, apart from ihe st111ing-well and gauging hut! Thus,
the rating curve for Drie Heuwels Welr 1s likely to be
unreliable for rated discharges in excess of about
120 cumecs. '

The hydrographs over the calibration period for the gauging
wetr, GIM20, and Drie Heuwels Welr, GIMI3, are shown in
Fig 6.3. The discharge at Drie Heuwels Weir include the
unreltable discharges greater than 120 cumecs.

{3) Sub-reach divisions:

The intention was to have water quality statlons every ten
to fifteen kilometres; within this range the exact
locations of the sampling stations were fixed virtually
totally by ease of access. The location of these stations
define the divisions between the sub-reaches, as shown in
Fig 6.7.

|
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i
i

Fig. 6.5 Drie Heuwels Weir during summer low flow.

Fig. 6.6 Drie Heuwels Weir during Winter flood flow, note total
submergence of weir.
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{4) Lateral inflows to the main river channel:

Gauged lateral hydrographs are available at six gauging
stations on tributaries in the catchment (Stations GIM37,
GIM39, GIM4), GIM4D, GIMD8, GIM43); two gauging weilrs
record effluent outfall hydrographs from the Paarl and
Wellington sewage treatment works, respectively (Stations
PSTW and WSTW); a gauging weir measures the dam release
from Voéiviel (Station GIROIC). The location of gauging
weirs are shown in Fig 638..The hydrographs for each gauged
“tributary, effluent discharges from Paarl and From

Wellington and release from Voélviet Dam are shown in’

f

Figs 6.9 and 6.10.

With regard to ungauged Jateral inflows, these were
estimated as follows: The gauged tributaries and their
assoclated drainage areas are shown in fig 6.11.
Approximately 60 percent of the tota) drailnage area between
Paarl (gauging Station GIM20) and Drie Heuwels Weir
(Statlon GIMI3) 1s wungauged. However, the gauged drainage
areas‘are relatively evenly spaced down the east and west
banks of the river. Hence, the simplest method to obtain
estimates of the ungauged hydrographs for each sub-reach
was adopted. This methdd ts described as follows:

(1) On a topographical map, mark-out the drainage areas of
each sub-reach on the east and west panks of the main
river channel.

(1)) For each sub-reach on the east and west banks
respectively, determine the gauged drainage area and
the ungauged. area (see Table 6.2). The discharge from
the ungauged areas i1s given by the hydrograph for the
gauged area times the ungauged area divided by the
gauged area (see Table 6.3). Calculations shown in

Table 6.3 are performed using the program LATERL12Z,
see Appendix 2.
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Table 6.2 Area of gauged and ungauged catchment within

each sub-reach drainage area, given in km2,
see Fig 6.7.

Bank: Gauged: Ungauged:
Sub-reach: West: East: West: East:
2 - - ' \ 59
3 - 52 - | 96
4 37 - , 225 40
5 - 120 28 -
6 39 - 72 92
1 - 25 ' 168
8 147 389 145 314
Table 6.3 Determination of lateral inflow to each
sub-reach of the majin river channel between
Paarl and Drie Heuwels Weir. The lateral inflow
js calculated as the sum of: (1) the gauged
drainage 1.e, GIM37, and (11) ungauged drainage
f.e. GIM3IT?T*96/52, calculated from the gauged
hydrograph, GIM37, times the ungauged area
(96 kmé)  divided by the gauged area
(52 km2).
Bank: West: , East:
Sub-reach: : . ,
2 - PSTW+WSTW+{GI1M37%59/52)
3 - GIM37+(GIMIT*96/52)
4 GIM39+(GIM39%225/37)  (GIM41*40/120)
5 - GIMA1*(G1M41%28/120)
b . GIMA0+({GIM40*72/39) (GIM41%92/120)
7 (GIM43*168/147) GIRO1
8 GIMA3+(GIMA3*145/147) GIMO8+(G1MOB*314/389)
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{5) Estimation of the coefficients a and B in Eqs (6.4
t0 6.8, 6.20 and 6.21) For each sub-reach:

The relationship suggested between the flow cross sectional
area and discharge proposed by the LY, (1979) model Js
gqiven by Eq (6.3) V.e.

B

A=0” .. (6.22)

[}

For each sub-reach- e and B will differ. These were
determined at each sampiing station. The approach suggested
by Dingman (1984) was followed to determine these
constants: The flow cross sectional area is taken as a
rectangle with y equal to the depth, w equal to the width,
v equal to the average flow velocity and A equail to the
flow cross sectional area. The discharge, Q, s given by

Q=Avs=wyv i, (6.23)

The flow cross sectiopa) area, A, 1s determined by the
procedure described in Chapter 4, Section 3.4.

The fliow velocity, v, is determined ejther from the gauged
discharge, Q, from

v = Q/A o deee (6.24)

or, if no gauging weir is located nearby, v, 1Is determined

manually .as set out in Chapter 4, Section 3.4. and the
discharge, Q, s determined from

Q=vA ' veere  (6.25)
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Most river cross sections can be approximated by a
rectangle (Dingman, 1984); in the Berg River the
measurements findeed 3indicate a cross section approximately
of this form, see Figﬁa.llta). For a series of discharges,
Q, and measuring the corresponding water surface width, w,
the depth, y, s determined from

y=A/w ' S e (6.26)

Dingman (1984) relates w, y, and v to the river discharge,
Q, using coefficlents c, d, e, f, gand b

w=cd® . (6.27)
yaeq | . (6.28)
v=gd" Ll (6.29)

then manipulates the coefficients in Egs (6.27 to 6.29) to
determine a and B, using the following method:

The Fformulaticns, Eqs (6.27 to 6.29), Imply
ceqg =

and

d+f+h = 1

now, if we put

wy =Q/mv =eMe L . (6.30)
then
ce = 1/9 - L (6.31)



CHANNEL CROSS-8ECTION PROPOSED IN MODEL

0t'9

TYPICAL CHANNEL CROSS-SEOTION FOUND IN B0OUTH AFRICAN RIVERS

1

Fig 6.11(a). Schematlic diagram showing Lhe typleal channel
cross-section found in South Africen rivers,

and the cross-section used in the
hydradynamic flow model.
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and

a+f = 1-h - ' C eeee {6.32)
this leads to

a=1/9 o {6.33)
B=1bH i (6.34)

The values for w, y and v for each station on the main
channel were determined as described above. After plotting
y. w and v separately against discharge Q (see Fig 6.12}), a
curvilinear least squares regression for each was used to
determine the coefficients ¢, d, e, f, g and h (program
REGRESS, see Appendix 2). The final coefficients o and B
were then compﬁted using Egs (6.33 and 6.34). The computed
values for a and B for each station along the main river
channe} are shown in-Table 6.4 and }llustrated in Fig 6.13,
showing plots of log A versus log Q. It 1s evident that thé
values do not differ greatly.

Table 6.4 Channel geometry coefficients

a and 8.

station: a: 8:

138 1.80 0.85
15A . 1.85 0.87
174 1.65 - 0.95
18A 1.75 0.86
21A 1.85 0.85
22A 241 0.95
23D 2.20 0.99
Mean: 1.92 0.90
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Leliavsky (1959) discusses this formulation and concludes
that it tends to con;tant values for special situations. He
gives the "Indjan"™ values for o and B which we can
convert to the metric equivalents, «=2.23 and B=0.83.
These values caused the rising and falling limbs of the
simulated hydrograph to precede the measured ones. Good
fits were obtained with the values for a and B shown in
Table 6.4, It would appear that in the event of no data
being available for o and B, good fits can be obtained by
trial simulations for a set of paired values in the
neighbourhood of «=2.00 and B=0.90.

(6) Time and space weighting factors in fgs (6.4 to 6.8,
6.20 and 6.21):

The weighting factors a and b in the implicit numerical
solution method are not directly influenced by physical
conditions in the catchment. Rather, they are pertinent
only to the mathematics of the numerical solution technique
and the time and space steps used in the input data. This
suggests the wuse of a trial-and-error approach when
Investigating their effect on model} output (Keefer, 1976).

Two gquidelines are available: firstly, the values must lie
between zero dnd 0.5 otherwise the solution becomes
unstable f values outside these 1imits are used, and
secondly, setting both values to zero, the scheme becomes
explicit (Richtmyer and Morton, 1957). An explicit scheme
solves the unknown discharge directly in terms of the known
ones. The implicit method does not predict the .discharge
directly from the equation but determines the discharge by
jteration; 1t is more accurate then the explicit method, Is
more stable and during peak flow conditions and glves
predictions that can be significant]} higher than the
explicit method.
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The most appropriate values for a and b were found only
after the model was 1in operation. Initially arbitrary
values for a and b equal to 0.3 were used in the model
calibration and afterwards a range of values were tested to
determine the influence of a and b on the simulations (see
Figs 6.14 to 6.17). The value 0.4 for the time-weighting

factor a, and 0.3 for the space-weighting factor b, - ..

appeared torprovide the most favourable results.
(7) Main channel losses:

Having dealt with ungauged inflow it is now appropriate to
examine the influence of ungauged channel losses. This was
done as follows: The winter period calibration was done
against the data set for the wet period not taking latera)
outflows into account - it was assumed that during the wet
periods the channel losses due to seepage and abstraction
would be only an Insignificant fraction of the channel
flow. App1y1n§ the mode)l thus calibrated .the model
consistently over-estimates the channel flow at Drie
Heuwels Weir during dry periods. To accommodate channe)
losses, a constant term for flow losses per sub-reach
length was 1ncorporated.vrhe *hest* value was estimated by
tria)l simulations of the model with different abstraction
rates until such time as the difference between the
simulated and measured hydrographs at Drie Heuwels Weir was
minimised. An in-channe) loss of 0.05 cumecs per sub-reach
gave best overall jimprovement to the hydrograph at Drie
Heuwels Weir during the low F?qw,periods (Fig 6.18), this
rate had virtually no effect on the high flow predictions.
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4.3 Calibration trials

(1) Conttnuity and the numerical technigue:

It is necessary to check in what measure the implicit and
explicit numerical techniques conserve the continuity
condition implied by the continuity (wave) equation, Egq
(6.1). To do this, at the top gauging station GIM20, an
tdealized hydrograph input was made: comprising an event
period of 10 days, a contlinuous input of 10 cumecs and a
superimposed equilateral trianguiar flood wave of 4 days
duration, rising to 100 cumecs.'to give a peak total flow
of 110 'cumecs, Fig 6.19. Allow no Tlateral inflows and
outflows, and select 12 hours as the time element.

The hydrograph generated at DOrie Heuwels Weir, Statton
GIM13, alse 1s shown in Fig 6.13. The following can be noted

(i) There is a time shift of approximately 24-hours, the
estimated time of travel down the 30 km long channel.

(11) There is virtually no or only slight attenuation of
the flood wave. Theoretically with the kinematic wave
approximation there should be no attenuation but L%

(1979) Intimates that the numerical technique gives

rise to a sltght pseudo-attenuation effect.

(131) The implicit and explicit solution are virtually
identical; differences ‘on1y become apparent when a
multipie peak input hydrograph 1s used. In "real
Jife* simulations on ‘the Berg River, observable
differences were found between the two methods, so
that the Impiicit method, which theoretically should
be more accurate, was used in preference to the
explicit method. '
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(3v) From a print-out of the generated hydrograph, the
total discharge at Drie Heuwels Welr was caiculated
over the 10 day interval and compared with the total
upstream input at Paarl.

f
25.920 million cubic metres
25.894 million cubic metres

- -0.0259 million cubic metres

= -0.01 percent

Input mass flow
Output mass fiow
Error

For all practical purposes the numerical technique
satisfies continuity.

(2) Model calibration - Wet season:

The input data for Period 6, a wet pertod {May 1986 to
November 1986) are shown in fFlg 6.3 fbr the upper channel
hydrograph and the latera) input hydrographs in fig 6.10.
Accepting: (3) the flow constants a« and B shown in Table
6.4; (11) the time and spatial weighting coeffictents a=0.4
and b=0.3 jn the numerical solution procedure; {111) the
method of estimating the ungauged runoff- hydrograph
(explained eariter) and (1iv) the 1implicit numerical
technique; a trial simulation was run over the time period
of 180-days to determine the H&drograph at Drie Heuweis
gauging weir. In Fig 6.20 the measured and simulated
hydrographs are shown.

It )s at once apparent that the simulated and observed
hydrographs are n reasonable aécord provided the flood
flows do not exceed about 120 to 150 cumecs. With higher
flows the differences become gross. At high flows the
predicted results . provide -support for - the eariier
observations that the discharge calibration at Drie Heuwels

-
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Weir bécomes grossly in error at discharge values in excess
of about 120 cumecs. There is sufficient evidence to accept
that observed discharges greater than about 120 cumecs
should not be admitted in the river analysis.

(3) Model Cailibration - Dry season:

The mode]l was applied without modification to simulate the
dry season Perjod 5 (November 1985 to May 1986). The input
hydrograph at Paarl is shown in Fig 6.3 and the Jlateral
flow hydrographs in Fig 6.9.

The prediéted and observed hydrographs at Drie Heuwels Weir

are shown in Fig 6.18 (to a larger scale for clarity). It
§s clear that the model consistently over-estimates the
flow at Drie Heuwels Weir, probably due to seepage and due
to abstract1qn for irrigation by farms along the  banks of
the main river channel. To accommodate these 1t was found
by trial that a loss rate of 0.1 cumec. per sub-reach
brought‘the-]dw flow hydrograph pattern into iine with the
observed. This implies an outflow of about 0.7 cumecs over
the seven sub-reaches, spanning a 89 km length of river.
Period 5 (1985-1986) was an exceptionally hot and dry
summer season and this is a 3ikely cause for the high
outflow rate. Considering the dry Pertods 1 and 3, these
'requ1red much lower outflow rates, of 0.05 cumecs per
sub-reach to give a good fit to the respective Tow flow
hydrographs. '
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5 ' MODEL VERIFICATION - MONITORING PERIOD

To verify the calibration of the model given above, the

model is used to simulate the hydrographs at Drie Heuwels Weir
for Periods 1 to # ustng:

(1)

(11)

(41%)

(1v)

(v)

the measured channel ‘hydrograph at Paarl (GIM20),
Fig 6.21,

lateral inflow hydrographs, see Fig 6.21(a),

main channel outflow rate of 0.05 cumecs Dper
sub-reach,

channel geometry coefficients in Table 6.4,

time and space weighting factors of a=0.4 and b=0.3.

The measured and simulated hydrographs at Drie Heuwels, are
shown in Figs 6.22 to 6.27 all plotted to the same scale.
Observed flows in excess of 120 cumecs are not plotted because
these are shown to be unreliable. In Figs 6.28 to 6.30,
observed and simulated flows during the dry periods 1, 3 and 5
are shown plotted to a discharge scale eight times larger than
that in Figs 6.22 to 6.27.
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MODEL EVALUATION
(1} Model performance:

Taking a general overvieu on the predicted and observed
hydrograph at Drie Heuwels, these compare remarkably well
over the range of flows 2 to 120 cumecs. It 1§ most
unfortunate that the measured discharges greater than
120 cumecs are completely unreliable, due to the backwater
effects from the Misverstand diversion weir. Consequently,
it 1s not possible to assess the performance of the model
for river fiows in excess of 120 cumecs. Based on the Berg
River experience with this model, there s good reason to
expect that 1t could also be useful in this kind of Flow
modelling of other rivers.

{2) Approximation of Li's model:

The model proposed by L} (1979) fall under the category of
kinematic flow models. Basically (1) over every element of
the flow path it preserves continuity, that is, it
calculates a mass balance over the element and (1) at any
point along the channel reach 1t makes provision for
estimating discharge or velocity of flow. This provision, a
postulation, based on experieﬁce. is stated by Eg {6.3) Y.e.

A=aogf . _ (6.35)

On this formulation hinges the prediction of the movement

of the flow along the channel. If the structure of the
formutation 3s inadequate then inevitably the predictions

must suffer accordingly. The good general fit between the

observed and predicted hydrograph gives support to the
© assumption that Eq (6.35) s of an acceptable form. Even 1f
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the flood predictions are correct, out of phase time shifts
of the rising and falling 1imbs of the predicted wave can
be expected 1f the values of o and B are 1In error.
Clearly the values of o and B will be influenced by the
sTope, bed friction and other factors. These values should
be determined at a number of potnts along the reach; the
seven pairs of values for.a and B determined along the
90 km reach }.e. one pair e#ery 11 km approximately appear

. to have been adequate to accommodate Ffor the change "in

channel geometry over this total reach. Furthermore, the
rather crude field procedures for determining « and B
which .could be applied only during low flows nevertheless
appear to be adequate and glve values that are successful,
an aspect that would commend the model to those wishing to
construct dynamic transport models of nutrients.

(3) Out-of-phase peaks:

éompar1ng the flood hydrographs during the dr& periods
(Figs 6.28 and 6.30) the predicted flood waves are s1ightly
before the observed flood waves. This also occurs during
the wet season but only marginally so. In the Berg River
there are numerous Jow concrete dams in the main channel.

These structures are erected by Ffarmers to hold water in

the summer low flow period. The effect of these dams 1s to
delay a flood wave, by backing-up a volume of water behind
the dam. The mode), relying on data from off-channel
sources, does not allow Ffor...obstructions 3in the main
channel.

In wet periods, discharges are high enough to reduce or
eliminate the out-of-phase behaviour due to obstructions.
The slight out of phase behaviour still apparent probably
arises from the small errors in the estimation of channel
coefficients a and B.

!
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(8) “"Mystery® peaks:

In Periods 4 and 5 two "mystery" peaks were observed in the
simulated hydrograph, but not in the observed data, see
Figs 6.18 and 5.31./The reason for the non appearance of
the peak in the measured hydrograph at Drie Heuwels is tha?
for those few days, nho stage height recordings were made at
‘Drie Heuwels Weir, due to a malfunction of the equipment.
Yhe data were originally "patched® by extrapoiating from
the pre-malfunction and post-malfunction data. The model
however utlilizes the upstream information, which manifests
the flood peak, and reproduces the peak. The existence of
this peak at Drie Heuwels Weir was verified from field
observations.

7  CONCLUSIONS

The objective in this chapter was to develop a Flow model
capable of predicting the hydrograph at any point in the main
river channel. The model devised by L1 (1979), suitably
modified for application Ffor the Berg River, appears to be

adequate in achieving this objective, successfully simulat1ng'

the measured hydrographs at the downstream end of the main
river channel.

An interesting feature of this model 4§s that it provides
both the necessary output and information about the discharge
characteristics of the entire catchment.

To attain the maximum model accuracy, the ungauged Jateral
runoff 3is estimated using an areal-welghted coefficient. The
channel geometry 3Is characterised by the model using two
coefficlents o« and B. These coefficients are assumed to
represent the average conditions in the river sub-reach which
in terms of model output seems acceptable.

i
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1t can therefore be concluded that the model has the
ability to predict, with sufficient accuracy, the hydrograph at
a downstream station. The mode) is also capable of patching the
flow records when the original data are missing. This
hydrodynamic-flow mede]l 1s now in a suitable form for wuse in
conjunction with the other sub-components of the model to
predict the transport of phosphorus along the main river
channel.
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CHAPTER 6

flow crdss sectional area (mz)

time (s)

River discharge (cumecs)

river distance (m)

Jateral discharge (cumecs)

bed slope

energy slope

flow velocity (m/s)

acceleration due to gravity (m/s2)
depth of flow (m)

channel geometry coefficients

time and sbace weighting factors
quotient of time and distance increments
predicted discharge (Q4) (cumecs)
discharge term in Eq (6.5) (cumecs)
increment of time (s)

increment of distance (m)

discharge Js1ng 1inear scheme (cumecs)
right-hand side of Eq (6.5)

channel geometry regression coefficients
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CHAPTER 7

DEVELOPMENT OF A PHOSPHORUS TRANSPORT MODEL

In Chapter 6 the development and calibration of the
hydrodynamic flow model was presented. That model constituted
the first stage in the development of a phosphorus transport
model. In this chapter the next stage in the development of
the phbsphorus transport model 4s presented, conststing of
three sub-modeis: (1) phosphorus nonpoint source model;

" (2) phosphorus transport model and (3) a phosphorus bed load

model.

1 PHOSPHORUS NONPOINT SOURCE (NPS) MODEL

1.1 NPS model selection

Se——

The objective of this sub-model is to quantify the mass of
phosphorus exported from nonpoint sources into the main river
channel. Such a model is complex due to the interaction of a
large number of processes associated with the mobilization of
phosphorus in the nonpoint source area (Novotny et al., 1978).

* Conceptually the model must take account of the processes shown

in Fig 7.1.

To quantify the phosphorus export from a nonpoint'source we
can use one of two approaches:

- Develop a mechanistic model {ncorporat1ng eath of the
processes shown in Fig 7.1.

- Develop a Tumped parameter mode).



NONPOINT SOURCE MODEL

INPUTS OF PHOSPHORUS TO 8UB-CATCHMENT
{e.9. Atmoapheric depoasltion, fertliieers
and septlo tanks)

IPROCESSES I INFLUEI\%&ED BY:
CLIMATE

ADSORPTION
DEGORPTION HYDROLOQY
DIBBOLUTION TOPOGRAPHY
SCOUR/EROSION 8CIL / GEOLOGY
BIOTIO ASSIMILATION LAND USE

810TIO RELEASE
OHEMIGCAL PREOCIPITATION

ADVEOTION

OUTPUT OF PHOSPHORUS YO RIVER CHANNEL

Flig 7.1. Conceptual framework showlng the processes
agsocialed with the release of phosphorus

from nonpoint sources.
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The first approach, although the 1deal, presents severe
practical difficulties 3In isolating each process and tracing
their dynamic behaviour (Wang and Evans, 1970; Betson and
McMaster, 1975). The 1iterature reports .a number of models
formulated to quantify one or more of the processes (Taylor and
Kunishiy, 1973; McCallister and Logan, 1978; Novotny et al.,
1978; Logan, 1982; Casey and Farr, 1982; Wendt and Alberts,

"1984; Zingales et al., 1984). However, such models have been

app11ed only in defined research catchments which have been
designed specifically to‘ isolate and measure the processes
being investigated.

‘Lack of available information forced the conclusion that

for the Berg River basin the on]y‘feas1b1e approach te nonpoint .

source phosphorus modeling is the Jumped parameter approach. A
difficulty with this approach is to identify the lumped
parameter in terms of which an adequate description of the
nonpoint phosphorus éxport can be formulated and is practical.

Johnson et al. (1976) selected the nonpoint discharge as the -

lumped parameter and }inked the phosphorus export to i1t. They
found that a plot of phosphorus. concentration versus discharge
showed significant scatter. They speculated that the scatter
was due, in part, to a different relationship between
phosphorus concentration and the discharge on the rising and
the falling 1imbs of the discharge hydrograph respectively. On
separating out the phosphorus data on the rising and on the
falling 1imbs they found that for a given discharge the
phosphorus concentration was higher on the rising then on the
falling limb, giving rise to a looped or hysteresis effect.
They hypothesized that the cause for the higher phosphorus
concentration on the rising 14mb is the mobilization of
phosphorus from riverbeds and surface drainage during the
beginning of the flood event.
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To formulate the phosphorus concentration over a flood
event they accepted a basic linear relationship between the
phosphorus concentration, P, and the discharge, Q; the
hysteresis effect they accommodated by hypothesizing. that the
phosph&rus concentration is ﬁroport1onal to the rate-of-change
of discharge, AQ/at, 1.e.

P=A0 + A1 Q + A2 (AQ/AYYy  L.... (7.1)
where

P = ortho-phosphate concentration,

0 = instantaneous river discharge,

AQ/At = rate-of-change of discharge, .

AD,A1,A2 =

. regression coefficients.

The value of AQ/at 4s positive on the rising limb and
negative on the falling 1imb of the hydrograph; by a suitable
choice of the proportionality constant the looped or hysteresis
effect observed experimentally, can be accommodated to a degree.

It s not difficult to find objections against the
formulation for the hysteresis effect, because there appears to
be no rational physical basis for it. However, if by its use a
mathematical structure cam be established which allows the
phosphorus concentration to be simulated approximate1§
correctly and consistently over a number of flood events then
4t has value as an interim parameter until a better one is
discovered or, perhaps, a mechanistic explanation for it comes
to light. '

|l
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1.2 NPS model development

Hysteresis manifestation on the Berq River:

It was stated above that the Jooped phosphorﬂs—dﬁscharge
approach could be an acceptable practical predictive method if
over a number of flood hydrographs it provides consistently
good estimates of the measured phosphorus concentration.
Accordingly, an inquiry was initiated into the feasibility and
consistency of the looped phosphorus-discharge rating approach.

To check if the looped phosphorus discharge (hysteresis)
effect 3is present in the phosphorus chemograph on the Berg
River, data, collected over one flood event at Station 9A on
the main river channel, were analysed. In Fig 7.2 a flood
hydrograph with assoctated phosphorus concentration data are
shown, and in Fig 7.3 a plot of phosphorus‘concentrat1on versus
discharge. Clearly for any selected discharge, the phosphorus

_concentration on the rising 1imb of the flood hydrograph 1is

higher than on the fa111ng 14mb. Furthermore, the phosphorus
concentration shows a rapid reduction after the peak fiow has
passed, that is, a marked hysteresis effect is exhibited. It

~ seemed therefore that the formulation of Johnson et al. (1976),

£Eq (7.1) has merit. It remained to determine whether the
formulation s consistent in that it applies over a series of
flood events.

Equation (7.1) can bel preéented graphically in a three
dimensional plot as follows: choose the discharge, Q, and the
rate-of-change of discharge, AQ/At, as the two axis in the
XY plane, and the totai'phosphorus concentration, TP, on the Z
axts, see Fig 7.4(a). Define AQ/at as the present discharge
minus the previcus discharge divided by the time intervals
between the two discharges; then on thé rising Timb of the
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Phosphorus Concentratlon (pg/l).

discharge for Station 9A (North Paarl) on the
main river channel.
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hydrograph AQ/at is positive and on the falling 1imb,
negative. If the phosphorus concentration, TP, s a function of
the discharge, Q, and rate-of-change, AQ/At then

TP = f (Q, aQ/At ... (7.2)

then the phosphorus concentration, TP, plots as a surface-

over the (9, AQ/At) plane see Fig 7.4(b). If the phosphorus
concentration 3is a linear function of Q and aQ/At as
proposed in Eq (7.1), then the TP surface Js a plane lying at a
slope A1 to Q axis and a slope A2 to the AQ/At axis,
intersecting the TP axis at AD; where ACG, Al and A2 are
positive constants, see Fig 7.4(c). '

Selection of NPS drainage area:

To develop the looped phosphorus discharge approach it is
jmportant to select a drainage basin for which accurate

hydrograph and associated water quality data are available;

without accurate data no reliable mathematical descriptive

formulation can be achieved. Once the mathematical structure is

developed then subsequently, for other drainage basins in the
same hydrological region, less information will be needed %o
calibrate the model constants. '

The nonpoint source drainage area selected for developing
the mathematical structure of the mecdel was that draining via
gauging station GIM20 (Statton 9A) on the Berg River at Paaril.
Accurate total phosphorus concentrations, TP, at reasonably
close intervals and continuous flow records were avatlable over
the entire period of the three year investigation.
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[TP]

TP = 1 {Q.A0/At)

-Acua ' e | AQUA

Fig 7.4(b). Three dimensional plot of the phosphorus
surface over the Q-AQ/At plane.

[Tel Q

Fig 7.4(c). Three dimensional plot of the phosphorus
plane lying at a siope Al to the Q axis, and
at a slope A2 to theAyAt axis, intersecting
the TP axis at AO0; where A0, Al and A2 are
positive constants.
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For every phosphorus measurement the time of sampling was
noted and from the discharge hydrograph, the term AQ/At was
determined using

g, -0 :
to -1

AO/At = to _ (t—]) ----- (7.23)
where
th = the discharge at time of sampling,
at—] = discharge 12-hours previously,
to = time of sampling,
t-] = time 12-hours previously.

from the matrix of triple data - phosphorus concentration,
qischarge and the rate-of-change of discharge - the data were
sorted into twe matrices, those with a positivé rate-of-change
of discharge (+aQ/at) and those with a negative rate
(-8Q/At). The matrix with- the negative rate-of-change of
discharge data correspond to the recession 1imb conditions and
those with a positive rate of change to the rising 1limb
conditions.

To make a prelimipary assessment whether the phosphorus
concentration 1s 1influenced by the magnitude of the
rate-of-change of discharge, plots were made of the phosphorus
concentration (TP) versus discharge (Q) for both the recession
and rising limbs. These plots will now be analysed to formulate

‘the relationship between the phosphorus cencentration, TP, and

the discharge, 0, and the rate-of-change of discharge,
AQ/At. '



Recession limb:

A plot of TP versus Q for data taken during the recession
1imbs of the hydrographs is shown in Fig 7.5. A}1 the data plot
in a fairly narrow band 3increasing linearly at a low rate as
the discharge 1increases. The narrow band of dispersion
indicates that on the recession Tlimbs the rate-of-change of
discharge has negligible effect on the phosphorus
concentration, and the low slope indicates that the flow has a
relatively minor positive effect on TP. Thus in so far as the
recession 1imbs of the hydrographs are cencerned, it appears
adequate to formulate the phosphorus. concentration, TP, in Eg
(7.1) as follows: '

TP=A0+«ATQ ... (7.3)
Writing Eq (7.3) in terms of the recession flow
TPr = al + bl Qr e (7.4)

where

gr = river discharge {recession flow) in cumecs,

TPr = phosphorus concentration (recession flow) In
mg/%,

al s intercept (at 0«0 on Fig 7.4),

b1 = slope constant.

In the (0, AQ/At, TP) diagram, Eq (7.4) (i.e. TP
tndependent of AQ/At ard 1inearly dependent on @) defines.a
TP plane surface parallel to the aQ/at axis, at a slope bl
to the Q axis. The plane 1s defined only for AQ/At less
than zero, see fig 7.5(a).

1
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{TPr = at + D1 Q

- (8Q/A1) ' + (BQ/on}

Fig 7.5(a) Phosphorus concentration plane for recession
fiow independent of AQ/At but linearly
dependent on §, i.e. at a slope of bl on the
axis and paraliel to the aQ/at axis. The
plane is only defined for AQ/At less than
zero.

Terms a? and bl were determined using the phosphorus data
in the recession 1imb of the hydrograph, and under steady flow,
using linear least squares regression (Program REGRESS - see
Appendix 2). The analys)s gave al=0.027 and b1-0.0053; these
values formed initial) numerical estimates of the constants.

Rising 1imb:

A plot of TP versus discharge for data taken during the
rising 1imb of the hydrographs 1is shown in Fig 7.6. The TP
values plot in a broad band indicating that either the TP
values have a dispersed random content or the rate-of-change of
discharge values have an effect on the TP values. .
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To determine 1{f there 4s any connection between the
phosphorus concentration, the rate-of-change of d1scharge, and
discharge, the discharge data were sorted into class intervals
from: 20 to 40, 47 to 79, 80 to 110, and 111 to 170 cumecs. for
each class, a plot, phosphorus concentration versus the
rate-of-change of discharge, was made, shown in Fig 7.7.
€learly not only does TP depend on the aQ/at (indicated by
the slopes) but TP also depends on the Instantaneous discharge,
Q (indicated by the shift in the (-plots). At high discharge
the effects of aQ/at on TP s relatively small and at low
discharge the effect is large.

To formulate the relattonship between TP and Q and
AQ/at  for the rising 1imb ¥t 3s apparent that when
AQ/At=0 then

s =TPF/ .. (7.5)

where

TPs = phosphorus concentration for rising flow 1imb
(mg/2).

For AQ/At greater than zero, from the plots in Fig 7.7,
it 1s apparent that not only s TPs a function of AQ/At but
also of §. We could write

TPs = TPr + b2 (AQ/At) O Leeea {7.5a)

where b2 is a function of discharge, Q.

A number .of formulations for h2 were attempted. Initially a
Hinear relationship with Q was suggested 1.e.

b2 =a3+b30g¢ ... (7.6)
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However, Eg (7.6) would imply that if b3 is negative the
possibility exists that at high discharges b2 could be negative
and conflict with the recession flow behaviour. Accordingly an
exponential formulation was proposed because with appropriate
sign for the constants the value of b2 can not decrease below
zero. Accept '

b2 =a3 EXpP (b3 Q ... - (7.1)
where a3 and b3 are constants.

Thus  for rising flow conditions  (AQ/at>0), from
Eqs (7.4, 7.5 and 71.7)

TPs = (al + b1 Q) + (a3 EXP (b3 Q)) (aQ/at) .. {7.8)
where

9 = instantaneous river discharge,
TPs = tnstantaneous phosphorus concentration.

In determining the numerical values for al, bl and a3, b3,
preliminary values of al and bl would be available from
analysis of the data on the recession 1imbs of the hydrographs
{Eq 7.4, see Flg 7.5). Terms a3 and b3 can be determined from
data on the rising limbs, such as presented in Figs 7.6 and
1.7, using curvilinear regression analysts (program REGRESS,
see Appendix 2). '

This .analysis gave a3=0.01 and b3=-0.003. These values for
at, bl and a3, b3, must be considered as first estimates. To
obtain improved estimates, Egs (7.4 and 7.8) were 1ncorborated
In the program NPSM (see Appendix 2) to simulate a time
sequence plot of phosphorus data (chemograph) from the observed
time sequence of flow data (hydrograph).

¢
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1.3 Adequacy of NPS model formulation

Having accepted a mathematical structure 1t was necessary
to check whether the mathematical formulation of the nonpoint
source model is adequate. To accomplish this one period of
180-days was selected to. cover both high and low river flow,
Perjod 6. The water quality and flow data set for this period

is one of the most comprehensive on. the Berg River. The

hydrograph over the calibration period and measured phosphorus
concentration data are shown in fig 7.8. '

Using the hydrograph and program NPSM the phosphorus
chemograph was simulated for Period 6, see Fig 7.9. Comparison
of the observed discrete phosphorus measurements with the
corresponding stmulated values showed that the model'predicts
the same pattern as the measured — the model formulation as
expressed by Egs (7.4 and 7.8) appeared to be acceptable.

The behavioural pattern. exhibited by the Fformulation is
best described by the three dimensional plot (Q, aQ/at, TP)
in Fig. 7.10. Under rising flow conditions, at higher Q the
slope of the surface with respect to AQ/at is lower and at
lower 0 the slope 1is higher. That 1is, at higher Fflows the
effect of the rate-of-change of Flow is much less then at Tower
flows. Under recession conditions the AQ/At has no effect..

Comparing the behavioural form suggested by Johnson et al.
(1976) (Eq 7.1 shown 1in Fig 7.4(c)) and that proposed here
(Egs 7.4 and 1.8, and fFig 7.10) 1t would seem that the proposal
of Johnson et al. (1976) was a most useful one but the
relationships between variables are more complicated then

envisaged in their model.
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1.4 NPS model optimization

Although we have developed an apparently adequate
mathematical model in terms of which the behaviour of total
phosphorus export from a nonpoint source can be described, the
constants in the formulation had not been determined optimally.

To obtain optimal values. for the constants al, b1 and a3,
b3 over Period 6 the following procedure was used:

(1) Accepting a3 and b3, a matrix of perturbed values of .

al and bl were simulated until the best visual fit
between simulated and observed TPs were obtained over
‘the recession -and low steady state flow per!ods[ To
facilitate comparison, the measured TP and simulated
chemograph of TP were plotted on an extended time
scale. The matrix of al and bl values tested are shown
in Fig 7.1}; the best values were judged to be
a1=0.015 (mg/%) and b1=0.0013 (mg/%/cumec).

(2) Having optimized al and bl, a matrix of perturbed
vaiues of a3 and b3 were tested to obtain the best fit
between the measured peak and simulated peak TPs
values (phosphorus measurements at the peak flows were
found to be critical to calibrating. the model
optimally over a flood event). The optimal values were
judged to be a3=0.009 and b3=-0.007. Referring to
Fig 7.7 which supplied data for the prelimanary
estimates of a3 of b3, the slopes using the optimal
values of a3 and b3 are aiso shown. Although there
appears to be a siagnificant difference it must be
remembered that the optimal values of a3 and b3 were
obtained by using a large number of data minimizing
the residual error. :

Using program NPSM over the time Period 6 of 180-days (wet

period) with the estimated values for al, bl and a3, b3, a

simulation of the phosphorus chemograph 1s'shdun in Fig 7.9,
together with the measured TP values and measured hydrograph.
In Fig 7.12(a) a number of flood hydrograph peaks are enlarged
to show more clearly the correspondence between the simulated
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and measured phosphorus concentration. From the plot In Fig
7.12(a), the simulated and measured phosphorus concentrations
are in reasonable accord. To check for the whole of Period 6, 2
-correlation plot of measured versus predicted data is shown in
Fig 7.12(b).

1.5 NPS Model Verification

To obtain some measure of verification of the mode) the
phosphorus chemograph at Paarl (Station 9A) was simulated over
the balance of the monitoring period (Perfods } to 5 -~ from
November 1983 to November 1986) using

(1) the measured channel hydrograph at GiM20,

(2) the coefficients pairs: al=0.015, b1=0.0013, and
a3=0.009, b3=-0.007 obtained from analysis of Period 6.

Simulated and measured phosphorus concentrations at Paar]
are shown 1in Figs 7.13 to 7.17. These plots are useful in
producing an overall assessment of the behaviour of the model.

To obtain a quantitative assessment of the predictive power
of the model, a correlation plot for the simulated and measured
phosphorus concentrations is shown in Fig 7.18. This plot
YNlustrates the close correspondence between the simulated and
‘measured phosphorus concentrations over the three year period,
the concentrations ranging from 20 to 700 ng/%.

Having calibrated and verified the model the simulated
phosphorus chemograph and measured hydrograph can be used to
estimate the phosphorus load over any of the six pertods, or
indeed any selected period. Program NPSM provides this facility
for Yoad estimation. With the final values for ail, bl, a3, and
b3, the load estimates for Period 1 to 6 are:

~
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Period: TP load estimate:
(tons/180 days)

17.2
34.7
5.6
57.0
2.0
57.8

ah h & W N -

The Sensitivity of the load estimates to changes in the
constants can be seen in fig 7.11 for Periocd 6. It is of
interest to note that the estimates marked “high® or “low® in
the figure corresponded with chemograph simulations that

visually were clearly over- or under-predicting with regard to
the measured phosphorus concentrations.

1.6 Application to tributaries

The NPS model was applied to the gauged tributaries, the
Krom, Kompagnies and Klein Berg Rivers as well as the
Sandspruit (Stations 148, 178, 23A._ 238 respectively). The
procedure to determine al, bl and a3, b3 was as follows:

Using Program NPSM, the model was run using the measured
hydrograph for the subcatchments énd the constant values
derived for Station 9A as inputs. Comparing the measured
and the simulated TP values, first al and bl were modified
until the simulated TP values over the recession and steady
flow regions compared as closely as ﬁbssible to the
measured TP. Accepting these values for 51 and bl, the a3

and b3 values were modified until coqrespondence was
attained between the observed and simulated flood flow TP
values. .
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Table 7.1 Optimum values for coefficients al, bl and a3, b3 in
the NPS model.

Coefficients: al _ bl a3 b3

Units: {mg/L) (mg/%)

River: '

Krom .035 .04 .009 -.007
Kompagnies ' -.025 .02 .009 -.007
Klein Berg 015 .004 .009 -.007
Sandspruit .040 .09 .009 -.007
Berg at 9A .05 '0013. .009 -.007

The best values for al, bl and a3, b3 for the four
tributaries are shown in Table 7.1. The constants a3 and b3 in
Eq (7.8) do not show any marked variation' between
subcatchments, implying that the processes responsible for the
export of phosphorus during the beginning of storm events are
similar for the different subcatchments.

The constants al and b1, exhibit different values for each
of the subcatchments. The wide ranges of values for al and M
were a matter of concern because it implied that no estimates
were possible for an ungauged unmonitored - area. However,
Prairie and Kalff (1986) reported that the size of catchment
and hydrology will directly influence the export‘of phosphorus.
Accordingly, the constants al and bl were plotted versus the
total subcatchment area and total subcatchment winter runoff
(for 180-day period). The plot with subcatchment area exhibit
appreciable scatter (Fig 7.19), whereas the plot with winter
runoff indicate a definite re1at1onshjp. see Fig 7.20.
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Clearly the constants al and bl which relate to the
recessfon or Jow f]ow conditions decrease with total
subcatchment runoff. The land use in these subcatchments are
similar; it would seem that the relationship between constants
al and bl and winter runoff arises predominately from the
hydrology.

As the constants al and bl are strongly 3linked to the
winter mass runoff and because the procedures for estimating
discharge from ungauged areas are well developed (Chapter 6)
the equations 1inking the values of al and b1 {given in
Fig 7.20) now can be used to calibrate the phosphorus transport
model for ungauged subcatchments.

1.7 NPS model evaluation

it would seem that the modified looped phosphorus rating
approach allows the .deve1opment of an acceptable method for
estimating the phosphorus concentration in both the rising and
Falling 1imbs of the flood hydrograph derived from a
subcatchment draining nonpoint sources.

The model 1is largely empirical, yet it reproduces the
behavioural patterns observed. By selecting a numbéf of flood
waves at station 9A the waves ranged from small to large, the
thereot1ca1'chemograph could be calculated and the theoretical
phosphorus concentration discharge hysteresis curves

constructed (see Fig 7.20(a)}. Note that the formulated -

hysteresis curves are functions of discharge and rate-of-change
of discharge. The hysteresis effect exhibited by the plot of TP
versus Q for a single flood event (Fig 7.3) 1is closely
reproduced, see Fig 7.20 (b) and {c).

Perhaps of greater 1importance s that by gaining
familtarity with the TP responses over a range of conditions 1t
might stimulate the development of mechanistic models that may,
in time, provide models of greater power then this one. This is
indeed what happened even while developing the model described
above, as shall be shown in Section 2 below.
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concentration data for a single flood event
plotted as a function of time, with
agsociated discharge data. The simulated
phosphorus concentrations are derived from
the phosphorus nonpoint source model (NPSM).
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2 NPS MODELLING USING HYDROGRAPH DECOMPOSITION APPROACH

- A TENTATIVE APPROACH -

In the development and application of the looped phosphorus
discharge rating nonpoint source model we have seen that the
instantaneous phosphorus concentration can be modelied in terms
of the IJnstantanecus discharge and the rate-of-change of
discharge. By means of the latter parameter, the effect of the
flow on the rising or falling 1imbs of the hydrograph could be
separated out - two functional relationships were incorporated
to describe the total phosphorus in the rising flow and

recession flow conditions. We shall now attempt, subjectively, .

to explain the variation in phosphorus concentration with
discharge on the rising and falling )limbs of the hydrograph by
decomposing the hydrograph into two components - surface and
subsurface dratnage.

Depending upon the rate at which rain fa]]s,‘ the water
etther infiltrates. completely 1into the soil or a fraction
remains on the surface to produce surface runoff. If the
rainfall 1intensity (reglecting interception, evaporation and
deep Infiltration losses) 1is 1less than the infiltration
capacity, al) the water will enter the sotl profile, ultimately
to reach the river as subsurface drainage. However, if the
rainfall intensity 1is in excess of the soil-infiltration rate,
a sequence of events occurs, ultimately producing surface
runoff: excess water produced by a high-intensity rain first
satisfies the 1interception requirements. When the surface
depressions are filled, the surface water begins to move down
the slopes in thin f4Ims and tiny streams. During this stage,
overland flow 1s 1influenced by surface tenstion and friction
forces. The paths of the small streams are tortuous and even
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small obstructions give rise to the resistance of flow until
sufficient head 3s built up to overcome this resistance. Each
time the streams merge, the water accelerates on its downhill
path 1increasing the erosion effect.‘ carrying particulate
material. These effects in conjunction with the area, shape and
slope of the subcatchment give rise to the resultant shape of
the surface runoff hydrograph and chemograph at a selected
point in the path of flow. In addition, seepage from subsurface

"drainage will give rise to a base flow hydrograph'and baseflow

chemoqraph.

After the rain ends the surface runoff will continue until
the discharge per unit surface area 1Is exceeded by the
infiltration rate (Gray, 1962; Kersandt and Marais, 1973).

The surface runoff usually contains a high concentration of
suspended soil particles including particulate phosphorus,

" associated with the detachment of soll particles (Cooke, 1988).

Logan (1982) estimates that greater than 75 percent of the
phosphorus in surface generated runoff from agricultural land
ts in the particulate form, that 4s, a minor fraction of
bhosphorus in surface runoff is 1in the soluble form. In
contrast, subsurface drainage flow will contain virtually no
particulate phosphorus because of the filtering action of the
water percolating through the soil horizons (Cooke, 1988).
Furthermore the subsurface drainage will contain only a small
concentration of soluble phosphorus; this concentration is
derived from _d1ssolut1on and desorption processes within the
so11, which are relatively slow .processes compared to
precipitation and adsorption (Logan, 1982). Thus, there are two
principle pathways for phosphorus export from drainage basins:
transport of principally particulate phosphorus associated with
surface runoff and, transport of soluble phosphorus derived
principally from subsurface runoff (Logan, 1982), see Fig 7.2%.
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2.1 Hydrograph decomposttion

In Fig 7.22, a hypothetical hydrograph is shown composed of
three sub-hydrographs: a surface runoff hydrograph, an
interflow hydrogréph, and a baseflow hydrograph. The summation
of these component hydrographs constitutes the discharge
hydrograph as measured at the gauging weir.

Traditional hydrograph sgparat1od procedures (Linsley,
Kohler and Paulhus, 1975) are essenttally empirical; for
example they plot the total hydrograph. on semi-]ogarithmic
paper and insert threé straight 1ines to accommodate surface
runoff, surface runoff and interflow, and finally groundwater

recession.

One rational way of separating the hydrograph into 1its
constituent hydrographs 1s to make use of water quality
parameters. The underlying idea is that water from different
sources will possess different chemical characteristics and
that the relative constituents of the different sources can be
1dentified by measuring both the stream discharge and the
chemica) quality of the water in the stream (Kunkle, 1965;
Pinder and Jones, 1969; Visocky, 1970).

Using the water quality approach to separate the
hydrograph, the following assumptions are made:

(1) The phosphorus species in baseflow and interflow will
be similar as the drainage 1s derived from similar
catchment processes e.g. infiltration and percolation.
Consequently, - for modelling purposes Iinterflow and
baseflow can be lumped together giving the total
subsuyrface drainage. The remaining portion of the
hydrograph constitutes the surface drainage.
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A

To separate the surface runoff hydrograph (SV2 in Fig
7.23) from the subsurface hydrograph (BvV2 in Fig 7.23)
requires: (3) the determination of the baseflow, Qb,
during the beginning of the fiood event when the totatl
discharge, Qt, is the product of surface runoff, Qs,
and baseflow Qb; (31) the recession curve of the

_surface runoff hydrograph after peak flow. By

satisfying both these requirements it is possible to
isolate the surface runoff hydrograph, SV2 in Fig 7.23.

Baseflow discharge, @b, 1is related to the total
discharge, Qt, shown in Fig 7.23, by

Qb = f (Qt kb) E (7.9)
where kb is a proportionality constant.

Equation (7.9) s formulated on the basis that a fixed
relationship exists between the discharge rate of
basflow and total river discharge (Linsley et al.,
1975). ‘

Recession of the surface runoff hydrograph, Qs, shown
in Fig 7.23, s described by

dQ}s/dt = -ks Qmax T ieees (7.10)
where

ks is the surface runoff depletion coefficient,
gmax is the peak surface runoff.

Equation (7.10) 3s based on the assumption that the
depletion rate of the surface runoff hydrograph will
closely correspond to the depletion rate of the total
runoff (Qt) (Linsley et al., 1975}.



7.48

Discharge

1\

Q

--mj‘--_-------

-1
~

Qt

Y

Time (1)
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runoff).
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The volume of surface runoff represented by the terms
SVl (in Fig 7.22) and Sv2 (in Fig 7.23) are
approximately equal.

During steady flow conditions the baseflow 1s equal to
the total flow in the river. '

The areas BVl (in Fig 7.22) and BV2 (in Fig 7.23)
making up the combined drainage from interflow and
baseflow are approximately equal in volume.

Equation (7.9 and 7.10) are solved as follows:

m

(2)

For Eq (7.9) the fo]]ow{ng explicit Formris proposed

gb = a Qt kb . (7.11)
where a and kb are constants and both <1.

The recession 1imb of the surface runoff, @s, is

measured from the time elapsed from peak surface
runoff, Qmax. The solution is,

Qs = Qmax EXP [ks (to-t)] . (1.12)
where

to, = time of péak flow and

t =

time elapsed since peak flow, see Fig 7.24
ks =  negative constant,

Qmax peak surface runoff (at-to).
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For the purposes of the simulation exercise values were
selected for the constants ks, and a and kb that essentially
were dictated by subjectivity:

The constants kb and a were selected after applying sets of
these values to a particular hydrograph and choosing the
set that appeared to conform to expectations, giving
kb=-0.045 and a=20.

During the collection of the water quality data 1t was
found that the phosphorus concentration diminished to
10 percent of the peak flow concentration within hours
after peak flood flow. It was presumed therefore that, the
surface runoff hydrograph should show a similar depletion
rate; accordingly, constant ks Eq (7.12) was adjusted to
give a very rapid reduction in the surface ruhbff after
peak flow, ks=-1.4.

To obtain scientifically based estimates of these constants
would require a detailed tinvestigation into the relationships
between surface and subsurface Flow. This houe#er. was not
attempted because the purpose of this simulation exercise was
only to 1llustrate a potentially useful approach to phosphorus
export from nonpoint sources, see below.

2.2 Chemograph decomposition

Having separated the hydrograph into surface and subsurface
runoff, the next stage Js to determine an equation which
describes the phosphorus'concentrat1on of each flow component
i.e. chemograph decomposition. The following methods and

assumptions were used:
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The phosphorus in drainage basins 1is in two forms:
mobile and fixed. The mobile phase represents the
phosphorus transported 3in the river, either as
particulate or soluble material; the fixed phase
represents the phosphorus 1in the soils and immobile
riverbed sediments. The particulate phosphorus
concentration 1s estimated as the difference between
the measured total phosphorus concentration and
soluble phosphorus concentrattion.

Particulate phosphorus, PR, 15 principally derived
from surface runoff (Logan, 1982), it is assumed that
the concentration delivered from this source 1is
proportional to surface discharge, Qs (Cooke, 1988).

‘The differential equation to describe particulate

phosphorus export from the catchment surface 35 given
by

d{PP]/dQs = ksp [PP]  ..... (7.13)

Equation (7.13) 4s solved by plotting the particulate
phosphorus concentration as a function of surface
runoff, illustrated in Fig 7.25. The surface runoff is
determined using Eqs (7.11 and 7.12). The slope of the
line 1s equal to the constant, ksp, determined using
regression analysis (program REGRESS - Appendix 2).

The soluble phosphorus concentration, [SP], 1is
influenced by adsorption, desorption, biotic uptake,
dissolution and organic decay (Logan, 1982). It is
assumed that these processes can be lumped together as
the export rate of soluble phosphorus to the river is
proportional to the subsurface flow rate (Qb), see
Ed (7.11). The subsurface flow rate 1is accepted as
equal to the sum of the baseflow and interflow.
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d{SP)/dQb = kad [SP]

The constant, kad, in Eq (7.14) 1s evaluated by
plotting the soluble phosphorus concentration as a
function of the basa) runoff, 4llustrated in Fig 7.25.
The slope of the line is equal to the constant, kad,
and is determined by linear regression analysis.

(4) The barticu]ate phosphorus transported in a river is
also convected by scour of benthic material (Keup,
1962). The following differential equation is used to
model the transport of particulate phosphorus as a
function of the river discharge rate (Qt)

diPPl/dQt = ks fPP}y ... (7.15}

The constant ks in Eq (7.15) is evaluated by plotting
the part1cq1ate phospherus concentration data as a
function of the total discharge, Qt, during low flow
conditions, see Fig 7.25. The slope of the line is

equal to the constant, ks, determined using regression
analysis.

The equations described above ' are presented as a
procéss-component matrix in Table 7.2, and programmed in
NPSM-CON {see Appendix 2) to predict the chemograph of
soluble and particulate phosphorus. As,.wé are interested
only in the mobile phase (export into the river) the mass
transfer of phosphorus from the fixed phase is assumed to
be unlimited in terms of the rate of supply. This
assumption 4s supported by Johnson et al. (1976); they
report that a only 1 percent of the annual phosphorus input
via manure and fertilisers to a catchment is transported by
rivers. Thus, the export of phosphorus from a catchment
into a river channel s principally controlled by the
transport processes shown in Table 7.2.
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Table 7.2 Matrix approach to nonpoint source model
application.

Components on which the processes act:

Soluble P Part P in Part P in

Process: in river: in river: fixed phase: Rate:
Surface runoff +] -1 Eq {(7.13)
Net

sedimentation '

and } + e Eq (7.15)
remobilization ’

Desorption +1 -1 Eq (7.14)

Adsorpticn }
Dissolution

2.3 Mode) calibration

To calibréte the model the calibration sequence mentioned
in Sections 2.1 and 2.2 should be used; the constants ksp, kad,
and ks can be expected to show variation between rivers as well
as between river sampling stations. '

2.4 Chemograph simulation

The soluble and particuiate phosphorus chemographs at Paar)
(61M20) were simulated for Period 6 (the only period with
reliable soluble phosphorus concentration data) using

(1) the measured hydrograph at Paarl (&1M20),

{2) the values for the constants shown in Fig 7.25.
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The simulated and measured soluble and particulate

phosphorus concentration at Paarl are shown in Figs 7.26 and
7.27, respectively. '

2.5 Model evaluation

Model performance:

In Figs 7.26 and 7.27, the simulated and measured time plot
of soluble and particulate phosphorus are shown for Period 6.
The close correspondence between simulated and cobserved vaiues
indicates that the soluble and particulate phosphorus species
may be modelled using a hydrograph/chemograph decomposition
approach. The approach accepts a relatively simple set of
processes associated with the export of phosphorus from

nonpoint sources but 1t should be emphasized that a more-

complex model would require more accurate 'separat1on of the
hydrograph, which is beyond the scope of this investigation.
The hydrology of the Berg River system is Iideal for such
simulations because the flood hydrographs are generally
separated by extended periods of dry weather, resulting in well
defined rising and recession limbs of the flood hydrograph.

Understanding of export processes:

The formulation and manipulation of the approach provides
valuable information about the export of phosphorus from
nonpoint sources:
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The hysteresis effect, which up ti11l now has not been
explained, is due to the dual-pathway of phosphorus
entering the river assoctated with surface and
‘subsurface drainage. The surface drainage delivers
considerable quantities of particulate phosphorus at
the beginning of a storm event. Once the surface
runoff has diminished, the ortho-phosphate becomes the
predominant species due to the contribution of
phosphorus from subsurface drainage. The hysteresis
effect therefore 3is caused by the change in dominance
from surface to subsurface discharge, associated with
rainfall induced flood events.

Phosphorus export from nonpoint sources is strongly
l4nked to surface runoff during storm events.
Indications are that the mass export is principaily a
function of the discharge under the rising 1imb of the
hydrogréph and not significantly affected Dby
sequential storm events.

Generally it has been assumed that the ratlc between
soluble (orthb-phOSphate) and  total phosphorus
(soluble and particulate) concentration Is constant,
hence the prediction of the total phosphorus
concentration by multiplying the ortho-phosphate
concentration by a constant. This approach, to
generate total phosphorus from soluble ortho-phosphate
data could Jead to estimation errors. From the
hydrograph/chemograph decomposition approach the ratio
of total phosphorus to soluble phosphorus 1is not
constant. The reason for this 4s that the particulate
phosphorus and soluble o}tho-phosphate concenfrations
‘are influenced by independent processes (Smith and
Stewart, 1977). In Fig 7.28, the relationship between
ortho-phosphate  and particulate phosphorus is
presented for Station 9A, showing the non-linear
relationship between these chemical species and the
wide scatter of data points.
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In Fig 7.28, the data points are plotted in two
categories: firstly, the samples collected on the
rising 1imb of the flood hydrograph containing a high
proportion of particulate phosphorus giving a high
ratio of particulate phosphorus: ortho-phosphate
concentration; secondly, the points representing
samples collected on the recession Timb of the
hydrograph containing a high proportion of ortho-

phosphate and hence a relatively Jow particulate -

phosphorus : ortho-phosphate ratio. These observations
support the information provided by the
hydrograph/chemograph decomposition appreach in that
the relative concentration of phospherus species 1is
related to the relative contributions of surface
runoff and subsurface drainage to the river.

_In Fig 7.29, the ortho-phosphate and total phosphorus
concentration data are graphically presented for

Station 23D at Orie Heuwels Weir, collected using an
automatic sampling device during two flood events
(shown by lines a and b). On the rising limb of the
flood hydrograph the river contains high particulate
phosphorus concentration, on the falling limb the
river contains a high ortho-phosphate concentration.
This ‘information further supports the results of the
hydrograph/chemograph decomposition approach in that
the ratio between particulate and soluble phosphorus
45’ transient, coinciding with the' changes in the
hydrograph composition.
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Model status:

The hydrograph separation approach provides useful
information about the export of phosphorus from nonpoint
sources. This approach however can be applied effectively only
at sampling stations with an extensive data set of soluble and
particulate phosphorus. Compared with the looped phosphorus
discharge rating- approach, the hydrograph decomposition

approach 1s a step nearer to a basic description then the

completely empirical looped rating approach. Future enquiries
into modelling phosphorus discharge from nonpoint sources
should give serious attention to the hydrograph decomposition

. model. Until the hydrograph decomposition approach is

sufficiently developed, the looped rating approach appears to
be the only practical one avajlable for estimating phosphorus
export from nonpoint sources.

3 PHOSPHORUS TRANSPCORT MODEL

3.1 Introduction

A phosphorus transport model describes the mass movement of
phosphorus along the main river channel. Such a medel s
complex due to the interaction of many processes associated
with the transport (Bella and Dobbins, 1968; Keup, 1968;
verhoff and Melfi, 1978; Koussis, 1983; McBride and Rutherford,
1984). Conceptually, the model must take account of the
following processes: -
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- Advection (transfer of phosphorus in the flow along
the main river channel, also called the wash load),

- Bed load (transfer of phosphorus in the materiail
moving on the riverbed),

- Sedimentation ({transfer of phosphorus from the wash
load to the riverbed),

- Remobilization (transfer of phosphorus from bed Joad
to the wash lead), and

- Benthic bjotic phosphorus assimilation and release.

It 1s quite a problem defining the processes precisely
because such a definition will depend on the measurements being
employed. For example, in advection, phosphorus measurements
will be taken in the flow above the riverbed (the wash load)
but this measurement probably would include material that

strictly should be allocated to the bed load. In this fashion
-virtually every measurement will reflect the effect of one or
more processes. In consequence we will Tump together the
processes biotic release, remobilization and scour {(ail of
which yteld phosphorus to the water column) as an in-channel
phosphorus source with respect to the water column. Similarly,
instead of sedimentation and blotic assimilation we will
substitute an in-channel phosphorus sink with respect to the
water column. Thus we have two lumped parameters w1th'respect

to the water column in the channel, a source of phosphorus and
a sink of phosphorus.

We will not concern ourseives with the magnitude of the
phosphorus stored on the riverbed by removal frdm the water
column, only with the rate of addition to the water column and
raﬁe of abstraction from the water column. Furthermore these
two rates can be cambined to give a net rate which may be
positive (adding phosphorus to the water column) or negative
(removing phosphorus from the water column). How can this be
quantified? - By linking it to some parameter that appears to
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be associated with this rate - the ﬁain channel discharge. When

the discharge is high, the rate is likely to be positive 1.e.
there will be a gain of phosphorus in the water column (in the
wash load) due to scour action; when the discharge is low, the
rate 1s Jikely to be negative, 1%1.e. there will be an
abstraction of phosphorus from the water column to the
riverbed, by settlement, biotic abstraction and other
processes. This simplistic approach can be readily criticised.
For example, phosphorus leaving the water column must be stored
on the bed; with the first flood some of the stored phosphorus
will be scoured so that in the rainy season, when the next
flood comes the scour action is 1ikely to be less effective,
that is, the rate, for the same discharge will change over the
high flow season. Our approach, however will demand a specific
rate at a specific discharge. Whether this seasonal effect is
significant or not can be evaluated only from observation.

3.2 Model formulation

The basic equation around. which the model %s constructed is
the phosphorus mass continuity equation, Bedford et al. (1983),
with terms added to accommodate lateral phosphorus discharge
and phosphorus source/sink effects,

a(AC)/at + 3(QC)/3x = C @ # S* ... (7.16)
where
C = concentration in main river channel,

€1 =  concentration of lateral inflow,
q = discharge of lateral inflow per unit length of

channel,
A = flow cross sectional area,
0 = discharge of main river channel,
t,x = increments of time and river distance,
S* = source/sink term.
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Use of Eq (7.16), to obtain a solution of the phosphorus
concentration, C, at the downstream boundary of a river reach,

at any time, requires the following information:

(n

(2)

(3)

(4)

Discharge, Q, and phosphorus concentration, €, at the
upstream boundary of the reach, at time t,

Flow cross sectional area of the channel, A,

Lateral discharge, ¢, with associated phosbhorus
concentration, (1, per unit length of reach per untt
time,

Remebilization of phosphorus 1nto; and removal of
phosphorus out of, the water column per unit channe}
length per unit time, designated by S* in Eq (7.186).

Examining Eq (7.16), the information listed above is not
imp1icit in the soluttfon for C, but explicit, that 1is the
information can be obtained by independent procedures, and then
inserted in Eq (7.16) to obtain a solution for the phosphorus
concentration C, for exémple

(M

(2)

The temporal and spatial variation of discharge, Q, in
the main river channel and lateral discharge, q, and
the flow cross sectional area of the main channel, A,
are available from the hydrodynamic flow model,
described in Chapter 6, program QMODEL.

The phosphorus concentration in the lateral flows, C1,
from nonpoint sources can be determined from the NPS
model, described in Section 2 of this chapter, program
NPSM. For point sources the discharge and phosphorus
concentration must be measured directly.

aE O & & B = B S B S BB S G T B LN B N N |
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(3) The source and sink concepts, to be applied 1in
remobi1ization and removal of phosphorus in the water
column, as proposed conceptually in Section 3, need to
be developed, see Section 3.3 below.

3.3 Modelling sources and sinks in the main river channel

This modelling exercise refers to the quantification of S*
in Eq (7.16). Simons and Cheng (1985) report that removal of
phosphorus from the water column 1in river they studied,
conformed to a two-stage process: a rapid remeval according to
a first order reaction (with a high rate constant) over the
first 10 km below the sewage outfail, foliowed by a slower
removal also according to a first order type reaction (with a
low rate constant) in the lower reaches, see Eq (7.17).

Ct Qt = a Co Qo EXP (-k} t) + (1-a) Co Qo EXP (-k2 t)

..... (7.1}
where
Ct = phosphorus concentration at time t,
Co = initial phosphorus concentration,
gt = discharge at time t,

Qo = inittal discharge,
k1,k2 = rate constants,
a = conhstant.

To check 1f this behaviour 3s also present 1in the Berg
River, profiles of phosphorus concentration were constructed as
follows: '
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During the low flow season, when the inputs from the
tributaries were zero or very sﬁal]. the phosphorus
concentration of samples 1in the water column at all the
sampling stations, taken on the same day, were plotted against
channel 1length. The assocliated discharges, where these were
available, were also plotted. The same procedure was repeated
at higher steady state discharges during which small lateral
discharges were present. To check if the removal followed first
order kinetics log phosphorus concentration was plotted versus

river distance. Two plots are shown in Fig 7.30 for low and

medium discharges. The following observations are pertinent:

{1} Two stage removal is present, as observed by Simons
and Cheng (1985).

(2) No conclusion regarding the first stage could be made
as the reaction apparently was complete within a
11 km reach and no intermediate phosphorus
measurements were made in that reach.

(3) The second stage (slow removail) exh1b1£s first order
behaviour, the plots.lying on a straight )line on the
semi-log plot. -

(4) The first order rate constant in the second stage
appears to decrease as the discharge increases.

The stage with the rapid removal rate (called Stage 1} is
the reach of the main river channel that extends from the
gauging weir at Paarl (Station 9A) to a point downstream of the
sewage ouvtfalls for Paarl and He111n§ton, at Lady Loch Bridge
(Station 138), a reach of approximately 11 km. The sampling
station layout 4s shown in Fig 7.31. The principal sources of
phosphorus entering this reach are in,
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- the discharge of the Berg River entering the upper
boundary of the reach at Station 9A; where both the
phoesphorus concentration and discharge are measured,

- point sources, consisting of Paarl and Wellington
sewage works discharges; both the phosphorus
concentration and discharge are measured,

- nonpoint sources from the subcatchment draining into
this reach from an area of approximately B89 km2;
the lateral fiow is estimated by the ungauged lateral
flow approach (see Chapter 6), and the phosphorus
concentration by the NPS model described in Section 1
of this chapter.

The stage with the slow rate (called Stage 2) extends from
Lady Loch Bridge to the gauging weir at Drie Heuwels (Station
230), a river distance of 8% km. The layout of sampling
stations along this reach 1s shown in Fig 7.31. In this reach
the inputs of phosphorus are in,

- the discharge of the Berg River at Lady Loch Bridge;
the phosphorus concentration Is measured but the
discharge is simulated using the hydrodynamic flow
model (see Chapter b),

- nonpoint sources from tributaries draining
principally agricultural areas, with a total
catchment area of about 2 000 kmz). The lateral
discharges are either measured or estimated by the
ungauged lateral approach (see Chapter 6), and the
phosphorus  concentrations in all the Tlateral
discharges are estimated by the NPS: model, see
Section 1 of this chapter.
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In attempting to model the transport of phosphorus through
the total river distance of 100 km, it became clear that Stage
1 with the high rate of phosphorus removal, requires to be
dealt with 1n a different manner from Stage 2 with the lower
rate of phosphorus removal.

In Stage 1 although one may have expected removal of
phosphorus from the water column to be of the first order type,
the reach in which the rapid removal takes place is very short,
5 km, and no intermediate values within this distance were
available. Furthermore it was not certain whether the rapid
removal stage had terminated at Lady Loch Bridge. If
intermediate values for the phosphorus concentration below the
points of discharge of the wastewater treatment plants had been
available then the distance over which the rapid stage acts
could have been defined and formulated in a similar manner as
for the siow removal reach (Stage 2). '

The situation with regard to the short rapid removal stage,
encountered in this investigation, is 1ikely to be encountered
elsewhere, not necessartly in the same form as encountered
here. For example, the channel flow may pass through a stretch
of wetlands and one may be limited to having measurements only
at the influent and effluent boundaries of the wetland. It is
worthwhile therefore to set out in detall the procedures
developed to model this type of situation.

3.4 Mode) for rapid removal stage (Stage 1)

Based on the information derived from the analysis of data
(Chapter 5), during low flow, phosphorus 1is removed by
sedimentation, biological assimilation, etc from the water
column onto the riverbed; during high flow remobilization
causes phosphorus to be removed from the riverbed into the
water column, Howevér, 1t is not clear which Aindependent
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variable best allows a description of the removal and
remobilization of the phosphorus. To obtain information on this
aspect a mass balance model was set up over the reach Paarl to
Lady Loch Bridge. from this mass balance (see Eqs 7.18 and
7.19) 1t 1is possible to calculate the theoretical phosphorus
concentration at Lady Loch Bridge from the mass inputs of
phosphorus in the main river channel at Paarl and from point
and nonpoint sources within the reach, excluding sources and
sinks effective in the channel reach.

Loadout = % Loadin e (7.18)

where

Loadout = phosphorus load at Lady Loch 8ridge,

Loadin s phosphorus input %o river reach, Paarl to
Lady Loch Bridge.

Which in terms of the phosphorus concentration gives

{CY 01) + (C2 Q2) + {C3 Q3) + (C4 d4)

[TP)sim = QW+ Q2+ 0308 {1.19)
where
[TP)sim = simulated or calculated phosphorus
. concentration at Lady Loch Bridge,
C1 = concentration at Station 9A,
1] = - river discharge at 9A,
N = concentration of effluent from Paarl
wastewater treatment works,
.02 = effluent discharge — Paarl works,
C3 = concentration of effluent from Wellington
wastewater treatment works,
Q3 = effluent discharge — Wellington works,
(W = concentration of nonpoint source input from
the surrounding catchment of Section 1,
04 2 discharge of nonpoint source runoff.



7.74

Using -the mass balance equation with the measured inputs

one obtalns a set of calculated phosphorus concentration values
at Lady Loch Bridge.

In Fig 7.32 the calculated phosphorus concentrations at
Lady Loch Bridge are plotted versus the measured values
obtained at Lady Loch Bridge. The followling observations can be

made:

Grouping data associated with medium high flows, shown
in Fig 7.32 as Group 1, there is close correspondence
between simulated and . measured phosphorus
concentrations indicating that either removal and
remobilization of phosphorus 3s minimal during these

flow conditions, or more likely, the rates cancel each
other out.

Grouping data associated with low flows, shown 1in

‘Fig 7.32 as 'Group 2, the measured phosphorus

concentrations are substantially lower than the
calculated values Iindicating that there is a net
phosphorus removal.

Grouping data assoclated with high flow (floed
events), shown in Fig 7.32 as Group 3, the measured
values are greater than the calculated indicating that
phosphorus s remobilized from the riverbed during
flood events.

From these observations it would appear that the discharqge
s a reasonable parameter in terms of which the removal and
remobiltzation of phosphorus can be described. One may write
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[TPImes =D [TP)sim  ..... (7.20)
where
[TP]mes = phosphorus concentrat1oh measured at the
outflow of Stage 1 at Lady Loch Bridge,
[TP]sim = simutated phosphorus concentration at Lady

Loch Bridge, using Eq (7.19),
b = source/sink term.

éo]ving for the source/sink term gives

D = [TP]mes/[Tﬁ]s1m ..... {7.21)

The value of D was determined as follows. For each of the
pairs of data, In Fig 7.32, the value of D was calculated and
plotted versus discharge, see Fig 7.33. Evidently, the
‘phosphorus source/sink term, D, 1is dependent on the river
discharge. Consequently, by establishing the relattonship
between D and the river discharge Q 1t would be possible to
simulate the phosphorus concentration at Lady Loch Bridge using
a modified mass balance equation of the form

+ {C2 02) + (€3 03) + (C4 D4 ]

[TP]sim = D Q1 + Q2 + Q3 + Q8

The best relationship between 0 and discharge, Q, was found
by checking different mathematical formulations. The one that
gave the best fit was Eq (7.23),

D=kl In(Q) +¢3 ... (7.23)

Fl
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The constants, k1 and c1, were determined using curvilinear
regression analysis {program REGRESS) on the data set shown in
Fig 7.33; the analysis gave values k1=0.187 and c¢1=0.45. The
plot of Eq (7.23) tegether with the experimental values are
shown in Fig 7.34. From Fig 7.34 one may note that when river
discharge exceeds about 17 cumecs, the term,'D. exceeds unity -
the phosphorus load at Lady Loch Bridge is greater than that
determined from the input loads, indicating remob1112at1oh of
phosphorus to the wash load. When river discharge s less than
about 17 cumecs the term, D, 1s less than unity - the
phosphorus locad at Lady Loch Bridge 4s less than that
determined from the input loads 1indicating removal of
phosphorus from the wash load.

In Fig 7.34, there 1is scatter of the data. To determine a
possible cause for the scatter, the data were sorted into three
groups:

(1) Data associated with the rising 1imb of a flood
hydrograph, 01,

(2) data associated with the recession 1imb, 02, and

(3) data assoctated with approximately steady flow
condittons, D3.

It would seem that for discharges greater than 20 cumecs
D1>D3>D2. Reasons for this may arise from the following:

- The modified mass balance equation, Eq (7.22)},
requires the same steady flow at the entrance and exit
of the reach. When the flow (or phosphorus
concentration) is subject to transients, as may occur
with flood events, the mass balance equation does not
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strictly apply; for calibration of this type of model,
water samples must be collected from the same parcel
of water at Stations 9A and 13B. However, during a
storm event different parcels of water inevitably will
be sampled. '

Greater scour taking place on the rising 1imb of the
flood hydrograph, compared with the falling 1imb.
Possibly for reason that by the time the falling 1imb
flow passes through the reach Tless of the stored
material will remain to be scoured.

The scouring effect can be compensated for empirically by
incorporating a looped-rating function, DQ, in Eq (7.24). With
this function, on the rising stage, the equation gives a higher

value of D compared with the same discharge for steady and
recession flow conditions.

0 =1n(08) (¢Kk1)+cy ... (7.24)
where
D = sedimentation/remobiltzation term used in

04
k1

DG

¢l

Eq (7.22),

ﬁ1scharge at Lady Loch Bridge,
= constant (0.187),

discharge quotient (instantaneous/antecedent
discharge) (Q,/0, 7,

= constant (0.09),

= constant (b.45).
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The effect different wvalues of DQ have on the coeff1c1ent‘ '

D, using Eg (7.24), is i1lustrated in Fig 7.35. For a sharply
rising flood, DQ can attain a va1dé as high as 8, with steady
flow DQ=0 and with recession flow DQ=0.5; the respective
effects are shown by lines 01, 02, and 03. Equation (7.24)
intimates that there is a marginal increase or decrease in the
coefficient D depending on the rate-of-change of flow.

Ungauged nonpoint sources: Solution of Eq (7.19) réquires
the estimation of ungauged nonpoint source loading to the river
reach between Paarl and Lady Loch Bridge (terms C4 and Q4 1in
Eg (7.19)). The following assumptions were used as a basis for
estimating the nonpoint -source loading to the main river
channel between Paarl and Lady Loch Bridge:

(1) The specific areal runoff 1is the same as for the
adjacent gauged subcatchment (Krom River, gauged at
weir GIM37); this approach is a generalised one for
estimating runoff from ungauged areas and is dealt
with in detatl in Chapter 6. |

(2} The phosphorus concentration 1in. the runoff s
determined from the NPS model using the flow related
model constants, see Section 1.5 of this chapter.

With this approach the phosphorus loading . from the

subcatchment discharged to the Berg River between Station 9A
and tady Loch Bridge was calculated. During flood events, the
nonpoint source lcading entering this reach comprises between
2 to 5 percent of the total load passing along the main river

channel, indicating that the contribution of nonpoint sources
was relatively small during flood events. However, 1t 1is )

included for the sake of completeness.
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A transport model based on the discussion above, to
simulate the phosphorus chemograph at Lady Loch Bridge is

available as program SECTION1.

Model calibration for rapid removal section (Stage 1)

The calibration procedure of the phosphorus transport model
for the river reach between Paarl and Lady Loch bridge will now
be set out in detail.

(1} Calibration perilod:

(2)

(3)

One pertod of 180-days (Perjod 5) covering both high
and low river flow was used to calibrate the model.
The water quality and flow data for Period 5 )s one of
the most comprehensive for this reach of the river.

Hydrographs and associated water quality data:

Fig 7.36 shows the hydrographs and phosphorus.

chemographs over the calibration period (Period 5) for
the gauging weirs on the main river channel at Station
9A (weir GIM20), the Paarl and Wellington effluent
discharge points, and the Krom River (welr GIM37}.

Estimation of coefficients Z, k1 and ¢l in Eq (7.24):

The most appropriate values for these coefficients
were found only after the model was in operation.
Initially rough estimates for these coefficients were
determined as set out in Section 3.4 above. Afterwards
a matrix of perturbed values was tested to determine
the influence of these terms on the simulations (see
Fig 7.37(a)). The values of: 0.009 for Z, 0.187 for
k1, and 0.45 for cl, appeared to provide the most
favourable simulation results, see Fig 7.37(b).
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'Accepting:
(1} the value for the constants given above;

(2) the accuracy of the gauging weirs involved in the mass
balance calculation;

a trtal simulation was run over the time period of
180. days to determine the phosphorus chemograph at
Lady Loch Bridge. In Fig 7.38 the measured and
simulated phosphorus concentrations are shown for Lady
Loch Bridge.

It is at once apparent that the simulated and measured
phosphorus concentrations are in reasonable accord; with the
model adequately describing the steep gradients in phosphorus
concentration associated with flood events.

During the low flow in Perlod 5, the measured phosphorus
concentrations show some scatter around the simulated values
(see Fig 7.38). Such scatter 1s attributed to quantification
errors of the input data as well as sporadic discharges from
agricultural and urban areas. These discharges occur at random
intervals and hence are impossible to simulate. Fortunately
suph discharges occur only during low flow and have negligible
effect on the total load of phosphorus exported over a period
of 180-days.
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Model verification

Having calibrated the model using the data for Period 5,
the phosphorus chemographs at lLady Loch Bridge were simulated
for Periods 1, 2, 3, 4 and 6. The simulated and measured
phosphorus concentrations at Lady Loch Bridge are shown in Figs
7.39 to 7.43. A correlation plot of simulated versus measured
phosphorus concentration for Perilods 1 to 6 is shown in Fig
7.43(a). Evidently the transport model for Stage 1, SECTIONI,
provides an adequate description of the phosphorus chemograph
at Lady Lech Bridge.

The chemograph at Lady Loch Bridge will now serve as the
upstream boundary condition for the transport model describing
the movement of phosphorus along the main river channel from
Lady Loch Bridge to Drie Heuwels Weir, given below.

3.5 ﬁode? for the slow remova) section (Stage 2) .

In the previous section a transport model was developed to
deal with the rapid phase of phosphorus removal in a river. The
rapid phase appears to be. specific to the reaches below the
discharge points of municipal and industrial wastes. The reason
for the rapid removal of phosphorus is not clear; possibly the
form in which the phosphorus js discharged makes it more
readily. avajlable for biotic assimilation, or the reach has
very heavy marginal vegetation so that it acts as a form of
wetland. |

To simulate the transport of phosphorus along the river
channel we have seen that cognizance must be taken of the
following aspects (see Fig 7.44).
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{1) Removal and remobilization of TP from and to.the water
column. '

(2) Lateral input of flow and phosphaorus from gauged point
sources and gauged and ungauged nonpoint sources.

{3) Flow Josses due to abstraction and seepage.

For the slow phosphorus removal stage in the Berg River,

the removal and remobilization aspects have not been considered

yet and need to be resolved.

Modelling of slow phosphorus removal stage

To mode) the removal and remobilization of phosphorus from

and to the water column, accept that the removal is a first
order process but that the rate constant decreases as the flow
jncreases. To develop this model, data sets of the phosphorus
concentration were collected within 6 hours at discrete points
along the river channel. Each data set was plotted against

channel distance from Lady Loch Bridge. Data sets were selected

which did not show transient flood effects. The selected sets
were replotted (log phosphorus concentration versus .channel
distance). These showed reasonable linearity verifying that the
removal rate is approximately first order (the difficulty with
this conclusion 3s that during high steady flows there 1is
disturbance of phosphorus 4in the channel assoclated with
lateral inflows). Nevertheless, accepting a first order process
each set of data was fitted to the following equation using the
Program REGRESS.
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[TPIlx = [TPJe EXP (D2 x) ..... (7.25)
where

{TPIx = phosphorus concentration at distance x,
[TP]o = phosphorus concentration at x=0,

D2 = source/sink term, and

X = river distance (km).

This analysis was applied to 37 sets of phosphorus data
giving 37 values for D2. A plot of D2 versus the associated
discharge at Lady Loch Bridge for the day the set of phosphorus
data were collected 1s shown in Fig 7.45. The numerical values
of D2 increases as the discharge, 0§, increases. To model this
effect the following equation was fitted to the data in the D2
versus Q plot:

D2 = 1n (Q) k2 +c¢c2 Ll {7.26)
where k2 and c¢2 are constants.

Using curvilinear regression anaﬁysis {program REGRESS) the
values of k2 and c2 were determined in Eq (7.26) from the 37
data points shown in Fig 7.45.

Modeiling the transportation of phosphorus aleng a river '
reach requires the following steps:

(1) Divide the river reach into convenient sub-reaches. In
the Berg River these sub-reach divisions are given by
the phosphorus monitoring stations, see Flg 4.8,
Chapter 4. '
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Calculate the hydrograph at every one of the sub-reach
divisions. Input data required are the discharge
hydrograph at the upper boundary of the upstream
sub-reach, 4n this case the Lady Loch Bridge. In each
sub-reach input 3is required of the gauged and ungauged
nonpoint discharge flows. The hydrodynamic solution is
set out in Chapter 6, using program QMODEL.

Determine the lateral phosphorus inpput to each
sub-reach: (1) the measured input phosphorus
chemograph from point sources, and (1i) the lateral
nonpoint phosphorus chemographs from gauged and
ungauged areas using the NPS model with the measured
or estimated subcatchment hydrbgraphs, These aspects
have been dealt with in Section } of this chapter.

Determine the phosphorus chemograph at the downstream
boundary of each sub-reach along the main river
channel using the mass continuity equation, Eq (7.16)
(Program SECTIONZ, Appendix 2). For each sub-reach the
tnput data regquirements are the channel hydrograph and
chemograph at the upstream boundary of the sub-reach
and the hydrographs and chemograph of the lateral
discharges to the reach, and the net removal/-
remobilization of phosphorus from/to the water column
using Eq (7.26). The solution is completed
sequentially for the sub-reaches along the river
channel, the solution of the wupstream sub-reach
becoming the channel 1input to the downstream
sub-reach. The input data for the first sub-reach, at
Lady Loch Bridge 1s the simulated solution for the
reach Paarl to tady Loch Bridge described in Section 3
of this chapter.
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(5} A flow perfod is selected (in this case Pertod &) and
the hydrographs and chemographs simulated for every
division. of the sub-reach. In this Ffashion the
simulated solution 1s obtained at Drie Heuwels Weir.
Comparison of the measured phosphorus data at Orie
Heuwels Weir with the simulated allows Jjudgement on
the predictive power of the set of models making up
the generation and transport of phosphorus along a
river channel.

There 3s Jittle- leeway available to calibrate the
phasphorus transport model as only k2 and c2 values can be
readily modified. If this does not suffice, a major
re-examination of every aspect of the sub-models and their
calibration is indicated.

The sequence to model the transport of phosphorus along the
Berg River can be summarized as follows:

In Chapter 6 the hydrodynamic model 1is developed,
calibrated and verified using the flow data for the Berg River
between Paar] and Drie Heuwels Weir. The model simulates the
hydrograph at discrete points along the main river channel and
aécommodates for river channel losses as well as gauged and
ungauged lateral ruhoff. As a consequence we are in a position
to predict the hydrograph at each sub-reach boundary (term Qin
and Qout in Fig 7.44). The output data files for the channel

hydrographs and lateral inflow hydrographs form the input flow.

data files to the phosphorus transport model, program SECTION2.

The lateral inflow of phosphorus to each sub-reach (term CI]
in Fig 7.44) 13 simulated using the nonpoint source model
{program NPSM) described in Sectioen 1 of this Chapter. The
values of the coefficients al "and bl in the model for each
sub-reach are determined using the rating equation shown in
Fig 7.20, giving the values shown in Table 7.3. The values for
the coefficients a3 and b3 were the same as those given in
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Section 1 because they do not appear to change with sub-reach
{see Table 7.1). These constants are inserted into the source
code of Program SECTIONZ.

The phosphorus transport model +includes the removal and
remobilization of phosphorus from and to the channel water
column. This aspect requires the term D2 in Eq (7.25),
determined from 37 phosphorus concentration profiles and
piotted as a function of channel discharge, see Fig 7.45. The
value of D2 1s a function of the discharge and the terms k2 and
c2 are determined using curvilinear regression analysis of the
data shown in Fig 7.46.

With the information described above we are now in a
position to use the Program SECTION2 to predict the phosphorus
chemograph at each sub-reach boundary along the main river
channel between Lady Loch Bridge and Drie Heuwels Weir. A
detalled description of the mode of operation of the program is
given in Appendix 2.

Table 7.3 Determination of values for coefficients al and bl
in the NPS model for each sub-reach of the main
river channel using the volume of lateral runoff
and the rating equation shown in Fig 7.20.

Sub-reach Volume of runoff al vl

number: (Pertod 6 mi111on md): (from Fig 7.20):
3 55.2 0.022 0.015
) 21.0 0.026 0.035
5 32.9 0.025 0.020
6 25.4 0.025 0.025
7 24.3 - 0.025 0.020
8

130.0 0.015 0.003
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Calibration of the transport model (Stage 2):

In order fto calibrate the phosphorus transport model the

following sequence was followed:

(1)

(2)

(3

Calibration period:

One period of 180-days was used to calibrate the model
covering both high and low river flow., The water
quality and flow data set for this period (Period 6)
is one of the most comprehensive.

H&drographs and associated water quality data:

The hydrographs over the calibration period for all
the gauging weirs and simulated phosphorus
concentratton data are shown in Fig 7.47.

Estimation of coefficients k2 and c2 in Eq (7.26):

The most appropriate values for these coefficients
were found only after the model was in operation.
Initlally rough estimates for these coefficients were
determined as described earlier, afterwards a range of
values were tested to detefmine the influence of these
terms on the simulations (see Figs. 7.48(a) and
7.48(b)). The value of: 0.0038 for k2, and -0.012 for
c2, appeared to provide the most favourable simulation
results.
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The 1input hydrographs and chemographs for Period 6, a wet
period {(May 1986 to November 1986) are shown in Fig 7.47.
Accepting (1) the final values for the constants k2 and c¢?
given above, and (2) the accuracy of the gauging weirs involved
in the mass balance calculations, the simulation of the
chemograph at Drie Heuwels Weir for the 180-days of Period 6
was undertaken. In Fig 7.48(b) the measured and simulated
phosphorus concentrations are shown, and the correlation plot
in Fig 7.49.

It is at once apparent that the simulated and measured
phosphorus concentrations are in reasonable accord; and thus it
s unfortunate however that the peak phosphorus concentrations
were sampled only on a small number of occasions.

During the low flow in Period 6 the measured phosphorus
concentrations show some scatter around the simulated values
(see Figs 7.48(b)). Such scatter probably arises from a number
of causes; one of these would be the sporadic discharges from
agricultural and urban areas. Such discharge are virtually
impossible to model because of the randomness 1in occurrence.
Fortunately, these are responsible for a relatively small load
of phosphorus and occur only during low flow. Consequently,

they have only a small influence on the total 1load of_

phosphorus for the specific period.
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3.6 Modei verification

The model was verified by simulating the phosphorus
chemograph at Orie Heuwels Weir over the monitoring period
(Perjods 1 to 5), from November 17983 to May 1986 using the
program SECTION2 with the values for coefficients: k2=0.0038,
c2=-0.012 4n Eq (7.206). To solve for the slow reaction stage
the following inputs are required

(1} The hydrograph at each sampling station along the main
river channel - produced by the hydrodynamic flow
model, described in Chapter 6 (program QMODEL).

(2) The chemograph at Lady Loch Bridge - simulated using
the program SECTION1, described in Section 3 of this
chapter

(3) The influx of phosphorus from nonpoint sources in the
reach Lady Loch Bridge to Drie Heuwels Welr -
simulated using the nonpoint source medel, see Section
1 of this chapter, program NPSM.

_The simulated phosphorus chemograph and measured phosphorus
concentrations at Drie Heuwels Welr are shown in Figs 7.50 to
7.54; a correlation plot of the simulated versus measured total
phosphorus concentration is shown in Fig 7.54(a).

3.7 Model evaluation

Comparing the measured and simulated phosphorus
concentrations, the model predicts the concentration during low
and intermediate flow conditions very reliably; during flood
events unfortunately there are insufficient water quality data
for accurate calibration and verification of the model. ‘
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- The plot of the values of D2 versus discharge indicate that
a change-over from sedimentation to remobilization takes place
at a threshold discharge of around 17 cumecs (Fig 7.46). This
critical discharge value 1s approximately the same as for
Stage 1 (see Fig 7.34). Thus, the remobilization of phosphorus
in both Stages 1 and 2, 3s characterised by river discharges in
excess of 17 cumecs. At river discharges less than 17 cumecs
the flow apparently 3¥s insufficient to scour sediments and
there is a net removal of phosphorus from the water column to
the riverbed.

4  PHOSPHORUS BED LOAD MODEL

The phosphorus transport model (program SECTION2) predicts
the phosphorus transportation in the water column of a river
channel. However, the phosphorus adsorbed onto river sediments
will be transported as bed load. To estimate the mass transport
of ‘phosphorus laden bed material, a bed load model must be
developed. Such a model s complex and conceptually should take
{nto account the processes shown in Fig 7.55.

Analysis of the experimental data (Chapter §) shows us that
the culminatton of the processes in Fig 7.55 result in sharp
gradients of wash and bed material during flood events and
stable concentrations during steady flow conditions.

To guantify the mass transport of bed material along a
series of river sub-reaches we could follow one of two

approaches:

(1) Measure the bed Joad at the infiow of each sub-reach
and quantify each of the processes shown in Fig 7.55,

(2) using a ‘lumped parameter . approach, quantify the
upstream and downstream boundary conditjons of eth
sub-reach.
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Fig 7.55. Conceptual framework of the processes
governing the transport of bed material along

a river channel.
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By following the first approach we would require an
intensive JInvestigation into the transport of bed material
along the river channel, which is beyond the scope of this
Investigation. Alternatively, the second approach provides a
more practical solution to the problem. Numerous equations are
proposed by different authors te calculate the rate of sediment
transport in alluvial channels. Prominent among these
approaches are those of .Einstein (1950) and modifications by
CD1by and Hembree (1955), Bagnold {1956, 1966} method based on
stream power, and the studies of Engelund and Hansen (1967)
using tractive force. Most of these equations are derived under
the assumption that the rate of sediment transport depends on
one independent variable, such as water discharge, average flow
velocity, energy slope, or shear stress.

4.1 Model deverpment'

More recently, success 1in predicting total bed material
concentration has been claimed by Yang and Stall (1976). After
reviewing the literature they concluded that “the rate of bed
matertal transport in an alluvial channel 1s dominated by the
réte of potential energy expenditure per unit weight of water®
{.e. the unit stream power. Using this principle, they
formulated an equaticn of the form '

€t = 3 (/v - wwe/vh)® P (7.27)
where
ct = concentration of bed méteria] in the flow,

We = _ unit stream power, determined as the product of
the river velocity and bed siope, :

Wec = a critical, or threshold value of Ww below which
there is no transport,

vf © = median fall velocity of the sediment parfic]es,

J,K dimensionless empirical factors dependent on the
characteristics of the flow and sediments.
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Dingman {1985) states that Eq (7.27) is made dimensionless
by the division of the fall velocity, vf, which seems
physically reasonable since vf can be considered an index of a
bart1c1e‘s *reluctance® to be transported. Yang and Stall
(1976) found pmp1r1ca11y that the critical velocity for
erosion, vc, was related to fall velocity, vf, by.

vc = 2,05 vf S e (7.28)

This relationship can then be expressed non-dimensionally
and put in terms of the unit stream power simply by multiplying
by the slope So and rearrangement (if the erosive Reynolds
number Re>70) then

Wwe/vf = 2.05 So ceess (7.29)

For flows not fully turbulent, the relation between vc and
vf should be a function of Re. From experimental data, Yang and
Stall (1976) found that this relation could be expressed as

vc = ((2.5/ (0.434 In Re - 0.06) } + 0.66) vf ..... (7.30}

Making the same transformation as Dbefore gave the
expression for critical stream power in flows that are not
fully turbulent (if Re <70) then

Wwe/vf = ((2.5/(0.434 1n Re - 0.06)) + 0.66) So ... (7.31)

To complete their analysis, Yang and Stall (1976) used
dimensional considerations to reason that J and K in Eq (7.27)
should depend only on the particle Reynolds number, Rp, and the
ratio of friction velocity, v*, to fall velocity vf. Multiple
regression analysis using over 450 individual measurements from
flumes and natural rivers resulted in the following empirical
relations

G 5 B & G A i S S B N N S D G G B B e Bl B
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3 = 27 2000/(Rp% 28 (yxsvs) - 43Ty . (7.32)
K =31.799 - 0.178 In Rp - 0.136 In (v*/vf) ...  (7.33)

£gs (7.32 to 7.33) used in Eq (7.27) give the predicted bed
concentration (Ct) in parts per million. To compute the total
sediment discharge or capacity Qs, the following equation fis
used

0s=10° ct Ys @ e (7.38)

where Qs is in units ofnue1ght per unit time, Ys 1is the
weight denstty of the sediment and Q is the water discharge.

Figure 7.56 compares the measured sediment discharges with

-~

provides very satisfactory predictions over a wide range of
conditions (Yang and Stall, 1976; Oingman, 1985).

Yang and Stall (1976) state that the measurement of the
total sediment concentration 1is attained .at a contracted
section or at a section with man-made construction such that

Cal sediment could be measured. Under ordinary conditions, only
the suspended sediment concentration (wash load) can be
measured easily in a river. The sediment transported in
suspension includes those with particle sizes within the range
of the channel bed composition, and those sediments of Ffiner
size. Wash. Joad -is defined as that part of the sediment load
that consists of grain sizes finer than those of the bed. Bed
material discharge equals the product of water discharge and
the difference between total. suspended concentration and the
suspended concentration with particle size in the range of wash
load.

i
|
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those computed by using Eq (7.27) ind1cat1ng that this approach -
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Equations (7.27, 7.29 to 7.34) were used in the brogram
BEDLOAD (see Appendix .2) to predict the total sediment
discharge at Station 23D, Drie Heuwels Weir. The mass of
phosphorus transported as bed load is estimated from

Op = (Q . Ct) Sp .ﬁ..1 (7.35)
where

op = mass of phosphorus transported (g/s),

Q = instantaneous river discharge {cumecs),

ct = concentration of bed load material (g/ma),
Sp = ratto, mass of phosphorus/mass of bed load

material (g/g).

In Eq (7.35) the term Sp, is estimated at discrete points
along the main river channel by collecting bed sediment samples
and determining the proportion of phosphorus per unit mass of
sediment. The data for these samples are shown in Table 7.4.

The most important feature in the data, shown in Table 7.4,
4s that the phosphorus concentration exhibits Tittle spatial

variability for samples collected at stations upstream and

downstream of the municipal sewage outfalls, Stations 9A and
138 respectiveTy,
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Table 7.4 River bed sediment samﬁ]es tollected a2t a number

of sampling points along the main river channel,
with mass of phosphoerus given per unit mass of
sediment. Medlan sieve size 1s calculated using
granulometric methods,

Date of collection: Station: Mass of P in Median sieve

sediments size (mm):
(g P/g sediment):

2/5/1986 9A 0.074 0.60
138 0.056 0.60
21A 0.059 0.47
22A . 0.068 0.35
4.2 Madel calibration
(1) Hydrograph and associated water quality data:

0f the greatest 1importance 1is the availability of
accurate hydrographs with the associated water quaiity

‘data for discrete points along the main river channei

between Lady Loch Bridge and Drie Heuwels Weir. This
requirement 1s definitive, without it no reliable
calibration is possible. It is essential therefore the
gauging weirs are accurate over the full range of
flows expected and the water quality data are
representative of the conditions in the river at the
time of sampling.
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(2) Estimation of model coefficients in Eq (7.27): -

These coefficients 1in the numerical -scheme .can be
estimated accurately only through trial simulations
-using a range of values. Due to a lack of available
bed load data the model was c¢alibrated using the
values . for the coefficients given by Yang and Stall
(1976}, given in Egs (7.27 to 7.33) as well as data
shown in Table 7.4,

4.3 Model simulation

In Table 7.5, the results of the model application are
presented for Periods 1 to 6, giving the total mass of bed
material transported, as well as the estimated mass of

~ phosphorus transported in both the water column and bed load.

Table 7.5 Predicted mass of phosphorus exported as bed
material and in the water column, for Drie Heuwels
Weir. Expressed as tons of phosphorus per 180-days.

Period: Mass of bed load Estimated mass of
material: ' phosphorus in:
bed load: water column:
3 5.0 0.00038 - 36.3
2 13.7 0.00104 70.4
3 2.2 0.006017 10.4
4 19.5 0.00150 125.0
5 1.0 0.00007 4.3
6 19.1 0.00147 107.7

= m—
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4.4 Model evaluation

Yang and Stall (1976) state that the calibration of a bed
load model 4s difficult because of the problems obtaining
representative sediment samples from the riverbed. The total
suspended solids samples collected during the monitoring
exercise provide an estimate of the magnitude of the wash load
transport and not the concentration of bed material. It must be
emphasised therefore that the bed load model 14s calibrated
using the coefficients reported by Yang and Stall (1976) and
the results will be considered in this 1light. However, the
output from the mode} shown in Table 7.5 reveals that in terms
of the mass of phosphorus transported in the water column the
mass of phosphorus in the bed load is relatively insignificant.
Consequently, the accuracy of the model provides an
approximation of the mass transport of bed material and a
comparison between the phosphorus transported in the water
column with the phosphorus transported as bed material.

pue to the mean sediment phosphorus concentration being
0.077 mg/g, the resultant mass of phosphorus transported as bed
load 1s relatively low compared with the transport as wash
load. Consequently, bed load transport will be ignored from
further calculations due to the bed load only making-up less
than 1 percent of the total phosphorus load transported by the
river (see Table 7.5).
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5  CONCLUSIONS

In this chapter a lumped parameter model was deve1oped to
simylate the transport of phosphorus along a river channel. It
required the development of a number of sub-models:

(1) Phosphorus nonpoint source model,

(2) Phosphorus channel transport model which required the
development of: )

(3) hydrodynamic flow model,
(11) phosphorus remeval and remobilization model,
{113) phosphorus bed load medel.

The inter-relationships between models is shown in
Fig 7.57. The phosphorus bed 1load medel (2(31)) eventually
appears to be relatively unimportant in this model context, and
possibly could be omitted. All the other sub-models serve vital
functions 1in . the channe) phosphorus transport model. The
phosphorus nonpoint source and hydrodynamic flow model however
can be used independently of the channel phosphorus transport

mode].

in the next chapter the various sub-models of the
phosphorus transport model will be used to show the range of
problems which can be addressed by such a model.
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7. NOTATION USED IN CHAPTER 7

Phosphorus nonpeint source model:

P

AO,AY A2
AQ/at

Q

%
to

t-1

TPr

al,bi

Qr
TPs

b2

a3,b3

ortho-phosphate concentration (mg/%)

regression coefficients in Eq (7.1)
rate-of-change of discharge {(cumecs/12 hours)
instantaneous discharge {(cumec)

discharge at time of sampling (cumec)

discharge 12-hours previously (cumec)

time of sampling (second)

time 12-hours previously (second)

phosphorus concentration during recesston flow

(vg/2)

regression  coefficients in  Eq (7.8)

(mg/l.mg/&.cumec)

discharge during recession flow (cumec)
phosphorus concentration during rising 1imb
(mg/2)

regression  coefficlients in Eq  (7.5a)
(mg/8/cumec)

regression coefficients in Egq (7.6)(mg/%,

mg/%/cumec/I2-hours)
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Hydrograph decomposition approach:

Qb
ot
0s
kb,ks

SvV1,5v2
BQ].BVZ
Qmax
[PP]
ksp

[SP]
kad,ks

baseflow discharge (cumec)
total discharge (cumec)

surface runoff discharge (cumec)

. regression coefficients in Eqs (7.9 and 7.10)

(cumec/cumec, cumec/cumec)

volume of surface runoff (ﬁa)
volume of baseflow (ma)
peak discharge (cumec)

particulate phospherus concentration (ug/%)

regression coefficient * in Eq (7.13)

(wg/%/cumec)
soluble phosphorus concentration (ug/%}
regresstion coeff1c1ents 1n'Eqs (7.14 and 7.15)

-

(ug/%/cumec)
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Phosphorus transport model:

C1

x,t

S*

Ct

Co
k1,k2
Qt

Qo

a
Loadout

Loadin

.€1,02,C3,C4

01,%2,43,04
[TP}sim
[TP]Imes

D

concentration in main river chdnnel (ug/2)
concentration of lateral inflow (ug/%)
lateral 9inflow per unit Jength of channel
(cumec/metre)

flow cross sectional area (m2)

discharge in main river channel (cumec)
increments of time and space

source/sink term

phosphorus concentration at time t (ug/%)
phosphorus concentration at time 0 (ug/%)
rate constants

discharge at time t (cumec)

‘discharge at time 0 (cumec)

constant

phosphorus load at Lady Loch Bridge (g/s)
phosphorus load input from upstream aﬁd
lateral sources (g/s)

phosphorus concentrations in Eq {7.19)
(ug/%)

discharge values in £q (7.19) (cumec)

stmulated phosphorus conhentrat1on (ug/2)

measured phosphorus concentration (pg/l)

phosphorus source/sink coeff1c1ent in Eq (7.22)



k1,¢}
b2

[TP]o

[TP]x

b2

k2,c2
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regression coefficients in Eq (7.23)

discharge quotient

constant in Eq (7.24).

phosphorus  concentration at distance O
(vg/2)

phosphorus  concentration at distance x
(ng/2)

phosphorus source/sink coefficient in Eq (7.26)

regression coefficients in Eq (7.256)

Phosphorus bed load model:

- €t

vf
J,K
ve

So
Re,Rp
Qs

Ys

Op

bed load concentration (mg/e)
unit stream power |
critical value of Ww

median' fall velocity (m/s)

regression coefficients in Eq (7.27)

ccritical velocity (m/s)

bed slope

Reynolds Number’
sediment d1scharge (g/s)
density of sediment

phosphofus discharge on bed material {g/s)
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CHAPTER 8

MODEL APPLICATION

1 INTRODUCTION

In this chapter the phosphorus coupled hydrodynamic
advective transport model for the Berg River will be used to
examine a selection of phosphorus related problems. 1t must be
emphasised that these problems are for the purpose of
11lustrating the use of the model; it should not be construed
that these are 1ssues under consideration by any agency
controlling water resource development of the Berg River.

The problems can be stated briefly as follows:

- Misverstand Dam: What would be the phosphorus mass
loading on a proposed impoundment at Misverstand?

-~ Phosphorus potnt source control: What reduction witl
be achieved in phosphorus exported by the Berg River
to the proposed Misverstand Dam {if the 1 mg/t
phosphate standard 1s implemented at the Paarl and
Wellington wastewater treatment plants?

- Phosphorus nonpoint socurce control: What reduction in
nonpoint source export to the main river channel can
be achieved by constructing short residence time

impoundments on the tributaries?



