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Abstract

Steady state and dynamic P budget models were compared for their ability to simulate the fate of P in three reservoirs for which
good datz bases are available. The dynamic P budget models were best able to simulate the fate of P in reservoirs experiencing
highly variable hydrological conditions. The specific sedimentation submodel employed in the P budget models played an im-
portant role in the ability of the models to simulate the fate of P in reservoirs, The OECD P budget model in which the P sedimen-
tation rate is estinrated as a function of the water residence time was found to overestimate P concentrations in all the reser-
voirs and it is recommended that this model should not be used for South African reservoirs. If a steady state model has to
be used, a P budget model employing a constant sedimentation rate of 3,5 a ~! should be used. If the available data allow it,
a dynamic P budget model employing a variable P sedimentation rate, which is a function of the inlake P concentration, should
be used for simulating the fate of P in South African reservoirs. It was shown that a major limitation of all the P budget models
compared in this study is their inability to simulate the fate of P in reservoirs in which internal processes, rather than inflow,

are largely responsible for the P in the reservoir.

Introduction

Eutrophication of reservoirs, which causes many water quali-
ty problems (Walker, 1983), is now accepted as a serious
threat to water quality in South Africa. A 1 mg P/ standard
for wastewater effluents discharged to sensitive catchments
will be enforced from August 1985 as a first step to control
the eutrophication of South African reservoirs (Taylor et al.,
1984). Although a universal standard was promulgated to
avoid the legal and administrative difficulties involved with
enforcing 2 variable standard, the stated policy of the Divi-
sion of Water Pollution Control of the Department of Water
Affairs is to base their P control strategy on the carrying
capacity of the water environment (Best, 1984). Implemen-
tation of this policy requires the ability to predict the trophic
status of reservoirs in response to altered phosphorus loading
rates.

South Africa has a semi-arid climate with the result that
reservoirs are subjected to highly variable hydrological con-
ditions. Both steady state and dynamic total phosphorus (P)
budget models, each with different P sedimentation sub-
models, are currently being used to simulate the fate of P
in South African reservoirs,

The OECD eutrophicarion model (Jones and Lee, 1982)
and the reservoir eutrophication model (REM model)
(Grobler, 1985) have been used for simulating the trophic
status of South African reservoirs (Thornton and Walmsley,
1982, Grobler, 1984; Grobler and Silberbauer, 1984; Jones
and Lee, 1984; Grobler, 1983). Both these models use a P
budger submeodel for simulating the fate of P in reservoirs.
Grobler {(1984; 1985) has shown that, as a result of the highlv
variable nature of hydrological variables in semi-arid regions,
the P budget submodel employed in the OECD model
(because it assumes catchment-receiving waterbodies to be
in steady state) is not suitable for simulating the fate of P
in South African reservoirs. He developed a dvnamic P
budget submodel for the REM model to simulate the fate of
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P in reservoirs and which can account for the hydrological
variability.

In simple P budget models sedimentation is usually in-
corporated to simulate the non-conservative behaviour of
P in waterbodies (Reckhow and Chapra, 1983; Kenney, 1983)
and various submodels for simulating P losses, other than
through the outlet, from a waterbody have been developed
(Dillon and Rigler, 1974; Chapra, 1975; Vollenweider, 1976;
Clasen, 1981; Frisk, 1981; Walker, 1982; Reckhow and
Chapra, 1983; Grobler 1984; Grobler and Silberbauer, 1984).
The sedimentation submodel employed in the OECD P
budget model results in considerable underestimation of P
concentrations in reservoirs (Jones and Bachman, 1976;
Clasen, 1981, Higgens and Kim, 1981; Walker, 1982; Grobler
and Silberbauer, 1984) and aiternative sedimentation sub-
models for reservoirs have been suggested (Walker, 1982;
Grobler, 1984; Grobler and Silberbauer, 1984).

The objective of this study is to compare the steady state
P budget model employed in the OECD eutrophication model
and the dynamic P budget model emploved in the REM
model, both using two alternative sedimentation submodels,
for their ability to simnlate the fate of P in three South African
FESErvoirs.

Specification of the models
The steady state P budget model

The steady state P budget model was derived from the prin-
ciple of conservation of mass (Vollenweider, 1969; 1975;
1976; Vollenweider et al., 1980: Reckhow and Chapra, 1983)
to state the changes in the amount of P stored in a water-
body with time (t) as

dP/dt = W - P, - P, (1)

where P is the mass of total phosphorus in the waterbody
above the sediments, W the P {oad (mass/time) entering the
waterbody, P, the P lost (mass/time) through the lake
outlet and P, all other losses of P (mass/time), such as ir-
teversible fixation in bottom sediments, which are conve-

om
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niently described as sedimentation. The steady state P budget
model was originzlly developed for large lakes in the north
temperate climatic zone and therefore the following assump-
tions could be made about the waterbodies involved
(Vollenweider, 1975; 1976; Reckhow and Chapra, 1983):

@ The catchment-receiving waterbody systems were assumed
to be in steady state. Consequently, the inflow to, and
outflow from the waterbody could be assumed to be equal
and constant in the long term. The mass of P stored in the
waterbody above the sediments could also be assumed to
be constant with the result that

dP/dt = 0 (2}
V = constant (3)
Qn = Quu = Q = constant “4)

where V is the volume of water stored in the waterbody,
Q,, the inflow (volume/time) 10, Quy the outflow
(volumeftime) from the waterbody and Q the throughflow.

® Waterbodies were assumed to be completely mixed (no
large P concentration gradients existed) and consequent-
ly the P concentration in the outflow from a waterbody
could be assumed to be the same as that in the main water-
body so that

Pou = (QIV)P (5)

® Sedimentation losses of P were assumed to be governed
by a first-order reaction and to be proportional to the
amount of P stored above the sediments in the waterbody,
therefore

Psrd = s.P (6)

s . -1
where s is the P loss rate (time ).

An expression for the steady state P concentration, {P|,
in a waterbody can be derived firstly, by substituting equa-
tions 2, 5 and 6 into equation 1 which results in

dPidt = 0 = W — (Q/V)P - 5.P (7)
and secondly, by rearranging the terms and dividing by the
volume, so that the steady state mean P concentration can
be calculated as

[Pl = WIHQ + s.V) {8)

Before equation 8 can be used to estimate the mean P
concentration in 2 waterbody the value of s (the only
parameter in the model) has to be estimated. Because s (as
it is defined above) does not correspond to a process rate
which can be directly measured, other sedimentation sub-
medels, with parameters which did correspond to process
rates that could be measured, were developed. For exam-
ple, Dillon and Rigler (1974) developed a sub-model based
on the concept of a P retention coefficient which they defin-
ed as the amount of P remaining in a waterbody expressed
as a fraction of the amount of P that entered a waterbody.
Chapra (1975) calculated sedimentation losses as a function

220 Water SA Vol, 11. No. 4. October 1985

of the area of w aterbody in which case the sedimentation
rate had units of length per time. However, these modifica-
tions did not overcome the fundamental problem, namely,
that the sedimen:ation rate in the P budget model is a lumped
parameter whic) therefore cannot be estimated by directly
measuring any single process rate {Golterman, 1980). Two
sedimentation s sbmodels, one developed by Vollenweider
(1976) and one proposed by Grobler and Silberbauer (1984)
are currently en ploved in steady state P budget models ap-
plied in South Africa (Grobler and Silberbauer, 1984; Jones
and Lee, 1984; Walmsley and Thornton, 1984) and only
these sedimentation submodels are discussed here.
Vollenweid zr (1976) calibrated s on data for 21 lakes
in which the witer retention time T, (T, = V/Q) varied
from 1 to about 30 years (median = 4 years). He found that
s could be related to the square root of the water retention
times of the lakes and simplified the relationship to
0 ©)

w

5 =T

Although Kenney (1982) later showed that this relation-
ship was partly the result of a spurious correlation, equa-
tion 9 is widely used to estimate the sedimentation rates in
lakes and reservoirs throughout the world (Jones and Lee,
1982) and has recently also been used in South Africa
(Walmsley and ‘Thornton, 1984; Jones and Lee, 1984).

The standar-1 OECD ;;hosphate budget model was deriv-
ed by substituting T, '~ for s in equation 8 so that

-0
[B] = WAG + V.T, %) (10)
Alternatively thz P load can also be expressed as an areal
loading rate (L, g m~2a”") which is defined as
L = WA (11)
where A is the surface area of the waterbody. If the areal
water (hydrauli::) loading rate, g, is defined as
g, = Q/A (12)
the most frequently quoted form of the standard OECD P

budget model cin be derived by substituting equations 11
and 12 into equation 0 so that

0,5

P} = Lgd1l + T, ) (13}

In the rest ¢f this paper the steady state P budget model
with s estimated as T, is referred to as the OECD P
budget model.

The OECD ? budget model (equation 10) was assumed
to be precalibrai ed (Vollenweider, 1976) and was therefore
only verified o1i the reservoirs.

Grobler and Silberbauer (1984) used equation 6 as
sedimentation submodel for the steady state P budget model
applied to South African reservoirs. They assumed the
sedimentation rite in a reservoir to be constant so that the
parameter s cotld be estimated after rearranging equation
8 so that

s = (WIP] - QWV (14)

and s the only ‘mknown. From here on the steady state P



TABLE 1
DATA USED FOR CALIBRATION AND RESULTS OF VERIFICATION OF THE STEADY STATE P BUDGET MODELS. THE
OECD P BUDGET MODEL WAS ASSUMED TO BE PRECALIBRATED, THEREFORE P CONCENTRATIONS IN THE
RESERVOIRS COULD BE SIMULATED FOR BOTH YEARS. THE SA P BUDGET MODEL WAS CALIBRATED ON THE FIRST
YEAR’S DATA, THEREFORE THE MODEL WAS VERIFIED ONLY ON THE SECOND YEAR’S DATA.

Reservoir Mean volume of Annual P load Annual inflow Observed annual Annual mean P concentration
water stored ta™' m*x10% " mean P

concentration  simuolated during model verification
+

year m*x10° mgm ™’ mgm

SA medel QECD model
ROODEPLAAT
Year 1 40,6 43,3 36,4 241 — 577
Year 2 40,2 33.8 19,1 228 211 724
HARTBEESPOORT
Year 1 174 268 194 338 — 709
Year 2 175 329 212 408 403 812
BLOEMHOF
Year 1 1137 791 800 57,0 —_ 451
Year 2 687 21* 126* 66,5 2.6 41

* On Bloemhof Dam the record for the second year consisted of data for 208 days only. Annual P loads and inflow were estimated
as 365/208 times the P load and inflow measured during the 208 day record.

budget model employing a constant sedimentation rate, The trapesium rule was applied to solve equation 15 for the
estimated as in equation I4, is referred to as the South African  amount of P stored in a reservoir as
(SA) P budget model.

Becaunse only one value for s could be estimated for each Py =P+ (W, + W, ) A2
reservoir formal objective functions were not vsed to express = (Pr . Qoum/Ve + Pryy Qour /Yy, )AU2
the results of parameter estimation and verification of the = (5. P, + 8,¢. P, ) AL2 (18)

steady state P budget models.

which after rearranging becomes
Dynamic P budget model

PHI = [P((l - (Quut,tN[ + S[) AUZ) + (wl + WHI) At"’2]”
If appropriate input data are available the steady state 1+ (Qouead/Veia + 80 y) A2 (19
assumption required for the specification of the steady state
P budget model can be avoided and a dynamic P budget
model for simulating P concentrations in reservoirs can be

derived from a statement of the principle of conservation

of mass (equation 1). If it is assumed that a waterbody can TABLE 2

. (o ESTIMATED PARAMETER VALUES AND RESULTS OF
be treated as a completely mixed reactor, the principle of CALIBRATION AND VERIFICATION OF A DYNAMIC P
the conservation of mass can be used to state the change in BUDGET MODEL EMPLOYING A CONSTANT OR A
P storage as VARIABLE SEDIMENTATION RATE. THE STANDARD
ERRORS OF THE ESTIMATE (SE), EXPRESSED AS
PERCENTAGE OF THE MEAN P CONCENTRATIONS,

dP/dt = W - (Q,u/V)P - s.P (15) WERE USED AS OBJECTIVE CRITERIA.
If the amount of P in the waterbody has to be stated as | Reservoir calibrated calibra- verifica-
a concentration the changes in the volume of water stored | and model parameter values tion tion

5 -1 “32 o o
also have to be simulated and in a similar manner so that s(@ ) kfa fmgm™y] SE(%) SE(%)

ROODEPLAAT DAM

dv/de = Qin + Qr - Qm" - QC (16) Model with constant
sedimenrarion rate 2,88 — 18 14

where the subscripts in and our refer to inflow and outflow | gt with variable
and r and e refer to rainfall on and evaporation from the | sedimentation rme — 4,75 x 1077 20 13

reservoir. Note that in equation 16 gains from or losses (0 | HARTBEESPOORT DAM
groundwater are not included because they are assumed to Model with constant

be negligible for South African reservoirs (Braune, 1983)but | sedimentation rare 2,81 — 12 12
the same assumption will not necessarily apply to other | Model with variable B
waterbodies (e.g. as shown by LaBaugh and Winter, 1984). | sedimenation rate - 2,3x10 16 14

The volume of water stored in a reservoir was calculated as | BLOEMHOF DAM
Maodel with constam

sedimentation rate 2,19 — 38 73
Vier = Vot Qi + Q= Qo — Qe (17)

Model with variable

sedimentzation rate — 65,7 X 10ﬁ5 22 53

where the subscript t indicates a time step of one day.
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Mean P concentrations in the reservoir were calculated as

[Pl = PV, (20)

The assumption that phosphate losses (other than
through the outlet) in a waterbody can be visualised as a con-
stant sedimentation rate has been found to be false for many
waterbodies (Prepas, 1979; Clasen, 1981; Frisk, 1981). Clasen
(1981} observed that sedimentation rates were generally pro-
portional to the P concentration in the inflow to a water-
body and Walker (1982) found that the OECD phosphate
budget model could be calibrated best (lowest standard er-
ror of the estimate) on a data set consisting of reservoirs in
the United States of America, if the sedimentation rate was
assumed to be a function of the P concentration in the in-
flow to the reservoirs. Frisk (1981) derived a submodel for
simulating the sedimentation rate in phosphate budget
models by assuming that the sedimentation rate was propor-
tional to both the P concentration in the waterbody and the
P concentration in the inflow. Because the P concentration
in the waterbody is functionally related to the P concentra-
tion in the inflow, he simplified the submodel by assuming
that the sedimentation rate was a function of the square of
the P concentration in the waterbody so that

s = k[PJ’ (21)
where k then becomes the model parameter, s becomes a
variable and [P] is the ambient P concentration in the water-
body. Grobler (1984) proposed a submodel with a
concentration-dependent sedimentation rate in which

s = K((P]” - [P]) @2)
where k and [P]* (the equilibrium P concentration) are
parameters and [P] is the P concentration in the reservoir.
In preliminary studies it was found that dynamic P budget
models which incorporated any one of these submodels
(equations 21 and 22) could be calibrated and verified equally
well with the available data. However, if equation 22 was
used 2s sedimentation submodel, special care had to be taken
to avoid the sedimentation rate from becoming negative by
choosing [P]* such that it will always be greater than [P},
the ambient P concentration. The sedimentation submodel
(equation 21) proposed by Frisk (1981) is robust and has only
one parameter. It, rather than the submodel (equation 22)
proposed by Grobler (1984), was therefore selected as an
alternative to the constant sedimentation rate submodel for
the dynamic P budget model.

One of the implications of using a concentration-
dependent sedimentation rate is that sedimentation is assum-
ed to be a third-order (instead of a first-order) reaction. This
can be shown by noting that the P concentration in a reser-
voir is equal to the P mass divided by the volume and
therefore equation 21 can also be written as

s =k(P/V)y (23)
and substituting equation 23 for the sedimentation term in
equation 15 so that it becomes

(24)
dP/dt = W ~ (Qu/VIP ~ kP’IV*

The dynamic P budget model was evaiuated with a con-
stant and with a variable sedimentation rate to determine
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which of the t¥o submoedels were the best for simulating
P concentratio 1s in the reservoirs studied.

The paramr eter s (when a constant sedimentation rate
was assumed) ¢r k (when a variable sedimentation rate was
assumed) was cstitnated by minimizing the standard error
of the estimate (SE) expressed as a percentage of the mean
during calibrat .on.

SE = 1002(PL,; - [Plo2)"50n - 2 =5 by, " 2s)
where [P], and [P], were observed and simulated daily mean
P concentratios in the reservoirs on day i, N the number
of days in the record used for calibration and [P], the
average daily r ean P concentrations. The dynamic P budget
model was verified on independent data sets.

Data base

The data used for the calibration and verification of the
phosphate bud:zet models were obtained from the Depart-
ment of Water Affairs which collected the data as part of
a research project on the eutrophication of Roodeplaat, Hart-
beespoort and Bloemhof Dams,

Roodeplaa : Dam has a mean depth of 10,6 m and a sur-
face area of 3,96 km?. The water in the dam is clear com-
pared to most {.outh African reservoirs (mean Secchi depth
of about 3 m; Walmsley and Bruwer, 1980). It is highly
eutrophic (Toe 'ien et 2., 1975; Walmsley and Butty, 1980;
Grobler and Silberbauer, 1984) because it receives large P
loads in the form of the effluent from the Baviaanspoort
Sewage Works situated, about 5 km upstream of the reser-
voir, on the Piznaars River.

Hartheespoort Dam, which has a mean depth of 9,0 m
and a surface area of 20,3 km?, in 1980 had a mean Secchi
depth of 1,0 1n (Walmsley and Bruwer, 1980) and was
classified as hyg ertrophic {Scott et al., 1977). It receives large
P loads in the form of effluents from several sewage works
in its catchment (Grobler and Silberbauer, 1984).

Bloemhof Dam, situated on the Vaal River, is large (sur-
face area = 2:0 km?2), shallow {mean depth = 5 m) and,
because of clays suspended in the water, it is turbid (mean
Secchi depth = 0,66 m) Weaver, 1981). It was classified as
eutrophic (Wal nsley and Butty, 1980). P loads on Bloemhof
Dam are domin ited by non-point sources (Grobler and Silber-
bauer, 1984).

All the infl >ws and outflows of the reservoirs {(with the
exception of tt e Magalies River, a minor river flowing into
Hartbeespoort 1Dam, which was sampled at weekly intervals)
were sampled ¢ aily from 1980 to 1981 for chemical analysis.
On Roodeplaar Dam 5 sampling stations were sampled 3
times per week, on Hartbeespoort Dam 3 stations were
sampled once a week and on Bloemhof Dam 4 stations were
sampled twice 1 week. On each visit to the reservoir sampl-
ing stations the temperature and oxygen concentrations in
the water colunin were measured and 5 m integrated samples
were taken from the surface and, if the water column was
stratified, also telow the thermocline. All water samples were
preserved by ac ding enough mercuric chloride to give a final
concentration >f 20 mg Hg/ in the samples.

The inflows, outflows and reservoir levels were
monitored continuously with stage recorders at weirs im-
mediately upst:eam and downstream of the reservoirs and
at the dam. The data were digitised by the Division of
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Hydrology of the Department of Water Affairs and made
available as daily mean flows for the inflows and outflows
and as daily reservoir levels. Rainfall and evaporation data
were provided by the Division of Hydrology as monthly
totals from which daily rates were estimated by dividing
monthly totals by the number of days in a month.

Daily P loads entering and leaving the reservoirs (except
the Magalies River) were calculated as

L = G (20)
where L was the P load, C the P concentration measured in
the inflow or outflow and Q the measured total flow on day
i. P loads in the Magalies River, in which P concentrations
were measured at weekly intervals, were estimated with a
regression method (Grobler, 1985).

In P budget models waterbodies are assumed (o be com-
pletely mixed and therefore only the mean P concentration
in the waterbody is simulated. The mean P concentrations,
on the days the reservoirs were sampled, were calculated as

[P} = (CipN; 27)
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where [P]; is the mean P concentration on day i, Cy is the
P concentration in the sample taken on sampling day i atsta-
tion j and positi »m k in the water column and N; is the total
number of samp les taken on the reservoir on sampling day
i. Smoothed mean P concentrations in the reservoirs were
estimated for every day of the year by calculating 10 day
running means : nd these were used as the observed data for

each reservuoir.
A two-year time series of observed data was available

of which one year’s data were used for calibration and the
other for verification of the models. To avoid having to use
day, month and year for indicating the date when display-
ing daily data, the first of January 1980 was assigned as day
1 and all subsequent days were numbered accordingly.

Results
Steady state F budget model
Calibration

The sedimentation rates estimated for the SA P budget model
were higher (fcr Roodeplaat Dam s = 3,53 a”'; for Hart-
beespoort Dam s = 3,49 a ' and for Bloemhof Dam s =
11,42 a']) thar. the sedimentation rates estimated (as s =
T,,” ™) for the OECD P budget model (s = 0,95 and 0,69
a ! for Roodeglaat Dam; s = 1,06 and 1,10 a~ ! for Hart-
beespoort Dam and s = 0,84 and 0,43 a” ! for Bloemhof
Dam).

Verification

Mean P concen rations simulated during verification of the
SA P budget model were about equal to the observed con-
centrations for Roodeplaat and Hartbeespoort Dams, but in
Bloemhof Dam the simulated mean P concentration was
about 26 times lower than the observed concentration (Table
1). The OECD I’ budget model overestimated annual mean
P concentrations for Roodeplaat and Hartbeespoort Dams
by 2 to 4 times, but for Bloemhof Dam, overestimated them
by about 8 time:: in one, and underestimated them in the next
year. The P concentrations simulated with the OECD P
budget model vrere much higher than those simulated with
the SA P budge: model because the sedimentation rates us-
ed in the SA mo del were about 3 times (Roodeplaat and Hart-
beespoort Dami) and 14 to 26 times (Bloemhof Dam) higher
than the sedimentation rates estimated as T, %% for the
QECD model.

Dynamic P budget model
Calibration

The sedimentation submodel used (variable or constant
sedimentation rate) did not affect the success with which
the dynamic ? budget model could be calibrated on
Roodeplaat anc Hartbeespoort Dams (Table 2, Figs. 1 1o 4).
However, on Bloemhof Dam (Table 2, Figs. 5 and 6) the



" model with variable sedimentation rate could be calibrated
with greater success (SE = 229%) than the model with cons-
tant sedimentation rate (SE = 38%).

Bloemhof Dam received a series of large floods during
the initial few weeks of the period used for calibrating the
model and consequently, the incoming P loads were high
during that period. A large sedimentation rate was therefore
required to adequately simulate P concentrations in the reser-
voir. During the rest of that period incoming P loads were
low and consequently a low sedimentation rate was required
to simulate P concentrations. The model which used a con-
stant sedimentation rate could not adequately simulate these
events in Bloemhof Dam and the estimated value of the con-
stant sedimentation rate had (o be a compromise berween
overestimating the P concentrations somewhat when floods
were experienced and underestimating the P concentrations
during the low-flow period (Fig. 5). The model which used
a variable sedimentation rate could be better calibrated to
simulate P concentrations both when floods were experienc-
ed and during the low-flow period (Fig. ¢)

The estimated k values, at a given P concentration, were
lower in Roodeplaat and Hartbeespoort Dams (Fig. 7) than
in Bloemhof Dam. The higher sedimentation rates estimated
for Bloemhof Dam were probably the result of it receiving
a greater proportion of its P load in the particulate form, both
because sediment concentrations in the rivers flowing into
Bloemhof Dam are generally higher than in the rivers flow-
ing into the other reservoirs and because P loads into
Bioemhof Dam are not dominated by point sources (which
result in an increased ratio of dissolved:particulate P)
(Grobler and Silberbauer, 1984; 1985).

Yerification

The dynamic P budget model was verified successfully on
Hartbeespoort and Roodeplaat Dams and SE values were
lower than those obtained during calibration (Table 2). The
success with which the dynamic P budget model could be
verified on these reservoirs was not affected by whether a
constant or a concentration dependent sedimentation rate
was used (Figs. 1 to 4, Table 2).

In constrast the results of model verification on
Bloemhof Dam were poor (Table 2, Figs. 5 and 6) both when
a constant and a variable sedimentation rate was employed
{(SE = 73% and 53%). The time series of observed dara
against which the model was verified, consisted of data
representing the low-flow part of the year (May to November)
during which the water level in Bloemhof Dam was only at
54% of its full supply capacity (Table 1). It was
demonstrated, by simulating P concentrations with the
sedimentation rate set at zero, that even if no nertt loss of
P to the sediments was assumed there was more P in the
reservoit than what could be accounted for by the measured
P loads entering and leaving it during this period (Fig. 8).

Discussion
Sedimentation submodels

The sedimentation rates for the SA P budget model were

CALIBRATION

ug/1
a0 100

BO

F CONC.
40

20

SE60 B40 720 8o

TIME days

o
400 480

VERIFICATION

100
—
.

+

ug/1
&0 80
-

P CONC.
40

20

160 240 400

TIME days

320

Figure 6
Observed( + )total phosphorus(P) concentrations in Bloemhof Damand

concentrations simulated (————) during calibration and verifica-

rion of the dynamic P budger model that used a variable (concen-
tration dependent) sedimentation rate.

higher than those, estimated as T,, ~%5, for the OECD model
and their estimated values (3,49 and 3,53 a” ") for Hart-
beespoort and Roodeplaat Dams closely correspond to the
mean sedimentation rate (3,6 a~ ]) estimated for a similar P
budget model from data for reservoirs in the United States
of America (Walker, 1982). These results support the con-
clusion that the QECD phosphate budge: model generally
underestimates annual mean P concentrations in reservoirs
(Jones and Bachman, 1976; Clasen, 1981; Higgins and Kim,
1981; Walker, 1982; Grobler and Silbetbauer, 1984). The fac-
tors responsible for the larger sedimentation rates required
to simulate P concentrations for reservoirs, compared to
natural lakes, can be any combination of the following:

® Reservoirs often receive P loads of which a large propor-
tion consists of particulate P, which is lost at a faster rate
than dissolved P (Canfield et al., 1982; Chapra, 1982). The
exceptionally high sedimentation rate (8 = 11,4 2~ b
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Figure 7
Sedimentation rates (which varied as functions of the total phosphorus
concentration) of Roodeplaat, Hartheespoort and Bloemhof Dans
that were estimated by calibrating the dynamic P budget model on
each reservoir.

estimated for Bloemhof Dam was probably the result of
it receiving a large particulate P load as a consequence of
several floods occurring in the Vaal River during that year.

® Reservoirs are usually constructed by building a dam in
a river with the result that they are characteristicalty long
and narrow with the inflow at one end and the outflow
at the other end. Consequently, they often behave as plug-
flow systems which are characterized by pronounced con-
centration gradients (e.g. Roodeplaat Dam; Fig. 9). For a
given sedimentation rate, P losses by means of sedimen-
tation are greater in plug-flow systems than in complere-
ly mixed systems (Sonzogni et al., 1976; Chapra, 1981; Hig-
gens and Kim, 1981). Theretore, if a2 plug-flow system is
assumed to be completely mixed, it will require a higher
sedimentation rate than a similar but mixed system, to
simulate its mean P concentration.

® Because P concentrations are often higher in the bottom
water than in the surface water of stratified systems, bot-
tom withdrawal of water from them can result in larger
quantities of P being removed through the outlet, than
what would be calculated from the product of the outflow
and the mean inlake P concentration. In natural lakes, sur-
face water is usually jost through the lake outlet so that
less P may actually leave a stratified lake than what would
be estimated from the product of outflow and mean in-
lake P concentration (Vollenweider, 1975; Sonzogni er al.,
1976). To compensate for underestimating (from reser-
voirs) and overestimating P losses (from lakes) through the
outlets of waterbodies, estimated sedimentation rates have
to be higher for reservoirs and lower for lakes.

The application of the OECD P budget model (equations
10 or 13) to waterbodies, other than the 21 lakes used by
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Vollenweider (,|976) to estimate s as equal to T~ %%, im-
plies that all w: terbodies can be assumed to behave essen-
tially the same a; those 21 lakes. This assumption was shown
to be false in this and in other studies; particularly for reser-
voirs, in which P concentrations were overestimated if the
sedimentation r.ue was assumed to be equal to T, ~™5 (Jones
and Bachman, 1776; Prepas, 1979; Clasen, 1981; Frisk, 1981;
Higgins and Kini, 1981; Canfield et al., 1982; Walker, 1982;
Grobler and Silt erbauer, 1984). One of the consequences of
estimating the I' sedimentation rate in reservoirs as a func-
tion of the water residence time, as in the QECD model, is
that in the same river small reservoirs are predicted to have
much higher se limentation rates than large reservoirs, For
example, for ‘/aal Barrage (V = 57 million rni) and
Bloemhof Dam (V = 1 270 million m’) both in the Vaal
River (mean arnual runoff = 2 200 million m3a-"), the
sedimentation rites predicted as T, ~®5 are 6,22 ' for Vaal
Barrage and 1,3 a~' for Bloemhof Dam. However, there is
no evidence supporting this conclusion. The QOECD P budget
model should tierefore not be used for estimating P con-
centrations in South African reservoirs, Instead, if a steady-
state P budget m .odel has to be used, the SA P budget model,
with its sedirentation rate estimated by calibrating the model
on time-series lata for the reservoir it will be applied to,
should preferably be used. If the required data for calibrating
the SA P budget model are not available, a sedimentation rate
of about 3,5 a” should be used, but users must realise that
it could mean that sedimentation rates in systems receiving
a large proportion of their P loads in particulate form might
be underestimaed.

The use of it variable sedimentation rate which depends
on the inlake P :oncentrations in reservoirs is supported by
the fact that the dynamic P budget model employing a
variable sedime 1tation rate was best able to simulate P con-
centrations in B oemhof Dam, which experienced large fluc-
tuations in P concentrations. Support for using a variable
sedimentation rate in P budget models also comes from the
modifications made to the OECD P budget model to correct
for its tendency 1o underestimate P concentrations in water-
bodies. These corrections are of the form

[P] corrrected = a [PY’predicted {28)
where a and b have values of 0,77 and 0,85 (Clasen, 1981)
or 1,8 and 0,815 (Lee and Jones, 1983). The correction
becomes propoitionally larger as the predicted P concentra-
rions increase (for the parameter values estimated by Lee and
Jones (1983) this onty applies when predicted P concentra-
tions exceed 20,4 mg m_j) and can be interpreted as cor-
recting for increased sedimentation rates as the inlake P con-
centrations rise Further support for using a variable and P
concentration dependent sedimentation rate in P budget
models was provided by Canfield et al. (1982) who measured
actuzl sediment: tion rates in lakes and reservoirs and showed
that these were positively correlated with inorganic sediment
concentrations and the trophic status of the waterbodies.

Verification of P budget models

The SA and dynamic P budget models were successtully
verified on Roodeplaat and Hartbeespoort dams, However,
becausc the dat: used for calibration and verification did not
represent these reservoirs in different states, this verifica-




tion should be regarded as tentative and it should be repeated
as soon as data representing these systems in different states
(e.g. before and after they have experienced major floods)
become available. The data used for calibration and verifica-
tion of the models on Bloemhof Dam represented the reser-
voir in different states and therefore verification on Bioemhof
Dam amounted to severe tests of the models.
Verification of the P budget models on Bloemhof Dam
identified one of their important limitations, namely an in-
ability to simulate the response of reservoirs in which P con-
centrations are controlled by internal processes. When the
verification data were collected, P concentrations were pro-
bably primarily controlled by internal processes in Bloemhof
Dam which then was only 54% full (and therefore shallow
compared to when it is full). Since Weaver (1981) measored
considerable increases in suspended sediment concentrations
during high-wind events, it can be assumed that periodic
resuspension of bottom sediments was responsibte for the
higher than expected P concentrations in Bioemhof Dam.

Comparison of the P budget models

Because the steady state P budget models can only simulate

the annual mean P concentration in a reservoir the models
could be directly compared only on the basis of their ability
to simulate annual mean P concentrations (Table 3). In
Roodeplaat and Hartbeespoort Dams the annual mean P con-
centrations simulated with the SA P budget model and both
dynamic P budget models were essentially the same.
However, in Bloemhof Dam the annual mean P concentra-
tions simulated with the dynamic models were considerably
better than that simulated with either of the steady state
models (with the exception of the QECD model in year 2).

Comparing the models which employed a constant
sedimentation rate, the estimated sedimentation rates for the
dynamic P budget model (2,8; 2,9 and 2,2 a”! for
Roodeplaat, Hartbeespoort and Bloemhof Dams) were lower
than the estimated sedimeniation rates for the SA P budget
modet (3,5; 3,5 and 11,4 2" for Roodeplaat, Hartheespoort
and Bloemhof Dams). The differences in estimated parameter
values reflect the differences in model assumptions {e.g. in
the SA P budget model the reservoirs are assumed (o be in
steady state whereas in the dynamic model they are not) and
the objectives of model calibration. Although both models
were derived from the same equation stating the conserva-
tion of mass, the estimated parameter values were not in-
terchangeable. Therefore, when models are applied with
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Figure 8
Observed( + ) total phosphorus (P) concentrations in Bloemhof Dam and
P concentrations simulated (———) with the dynamic P budget
modef with its sedimentation rate set at zero.
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parameter values obtained from sources other than calibra-
tion, great care should be exercised to ensure that the model
specification and the objectives of its calibration (when the
parameter values were estimated) are the same as those of
the model used in the application. For example, Walker
{1982) showed that the parameter values required for the
same P budget model were different when it was calibrated
to simulate the annual mean inlake P concentrations com-
pared to when it was calibrated to simulate the mean P con-
centrations in the outlets of the same reservoirs. Differen:
parameter values were required despite a fundamental
assumption of the model that the reservoirs are completely

which the dyramic model could be verified can be regard-
ed as being a 1esult of it avoiding the steady state assump-
tion. Verificaiion of the dynamic P budget model on
Bloemhof Dain was further improved by employing a
variable, insteid of a constant, sedimentation rate in the
model.

The dyna nic P budget model using 2 concentration-
dependent seclimentation rate was judged to be the best
model for simulating P concentrations in reservoirs because
of its better ability than the steady state models to simulate
the fate of P in reservoirs experiencing highly variable
hydrological conditions. However, further research aimed
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Figure 9
Total phosphorus concentration gradient in the 0 to 5.m layer in
Roodeplaat Dam on 30/9/82 (A. Howman, Hydrological Research
Institute, Private Bag X313, Pretoria; Unpublist-ed M.Sc. thesis).

mixed reactors, for which the inlake P concentrations and

P concentrations in the outlets should be identical.
Of the models employing a constasnt sedimentation rate

the dynamic P budget model performed much better than
the SA P budget model during verification. The only dif-
ference between these models was that the dynamic model
did not assume the system to be in a steady state whereas
the SA model did. Consequently, the greater success with
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at extending the model so that it can also account for recir-
culation of P i1 reservoirs is required.
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TABLE 3
ANNUAL MEAN P CONCENTRATIONS (mg m*) OBSERVED AND SIMULATED WITH STEADY STATE AND DYNAMIC
P BUDGET MODELS

observed P concentrations

steady state P budget models

simulated P concentrations
dynamic P budget models

Reservoir QECD SA constant variable
and Period sedimentation rate sedimentation rate
ROODEPLAAT DAM

Year 1 241 577 - 254 248
Year 2 228 724 211 248 247
HARTBEESPOORT DAM

Year 1 338 709 ’ 338 347
Year 2 408 812 403 376 361
BLOEMHOF DAM

Year 1 57,0 451 * 64,6 55,1
Year 2 66,5 41 2.6 223 34,5

* The mode! calibrated to give exactly the observed annual mean P concentration for year 1.
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