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Prediction of water quality in lakes and reservoirs: Part I1 - 
Model calibration, sensitivity analysis and application 
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Abstract 

A range was assigned to each of the parameters used in the ecological component of the DYRESM Water Quality model 
based on values found in the literature. The sensitivity of the model to changes in these parameters was determined by 
individually adjusting parameters to the maximum or minimum of their assigned ranges whilst keeping all other parameters 
at their assigned means. The effects of these changes were quantified through the mean, the vertical distribution and the 
temporal variation in chlorophyll a and dissolved oxygen concentrations over a 200 day period, using data for Prospect 
Reservoir. Parameters that influenced uptake kinetics of phosphorus by phytoplankton, the minimum internal concentration, 
the half saturation constant and the maximum uptake rate, were amongst the most important determinants of all three 
measures of chlorophyll a. These parameters were also important determinants of the mean concentration and the vertical 
distribution of dissolved oxygen, through effects on photosynthetic oxygen production. Sediment oxygen demand had a 
significant effect on the mean concentration and vertical distribution of dissolved oxygen, phytoplankton density altered the 
vertical distribution of chlorophyll a, and rates of phytoplankton growth, respiration and mortality influenced the mean 
concentration of chlorophyll a. The model parameters were calibrated for the 200 day period and the model was validated 
over an additional 306 days. The mean errors between simulated and measured temperatures, and dissolved oxygen and 
chlorophyll a concentrations, as percentages of the measured values, were 5.2, 9.9 and 24.1% respectively. Simulated 
nutrient concentrations (PO4-P, NO,-N, NH4-N, total phosphorus and total nitrogen) all reflected the general temporal and 
spatial trends observed in the measured data from Prospect Reservoir. 0 1997 Elsevier Science B.V. 
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1. Introduction and reservoirs is described. The purpose of the model 
is to provide a quantitative description of the interac- 

In Part ' 9  a and hydrody- tions that occur between physical and ecological 
namic (DYRESM Water Quality) for lakes processes, and the water quality consequences of 

these interactions. While the hydrodynamic compo- 

Corresponding author. nent requires no site specific adjustment, the ecologi- 

1 Present address: Department of Civil and Environmental En- cal submodels require calibration with field data 
gineering, University of California, Davis, CA 95616, USA. from the system they seek to simulate. 
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When there are many interactive state variables, it 
is important to ascertain those parameters to which 
the model result is most sensitive. Once identified, 
these parameters are the ones to which most of the 
calibration effort should be directed. The sensitivity 
of a parameter can be quantified in many ways, 
typically through examining changes in the major 
state variables. 

With large numbers of state variables modelled 
and correspondingly large numbers of parameters to 
calibrate, rigorous calibration is often not a realistic 
objective for large water quality models (Beck, 
1986a). However, with due care and diligence, the 
task may be simplified through repeated sensitivity 
analysis and trial-and-error calibration, until an ac- 
ceptable outcome is achieved (Jorgensen, 1993). 

The test of the calibration values selected, the 
validation, is the degree to which the model predic- 
tion matches field data. There are numerous mathe- 
matical techniques to calibrate model parameters (cf. 
Beck and Arnold, 1977; Jorgensen, 1993). All re- 
quire that the range of acceptable parameter limits, 
determined either from laboratory or field observa- 
tion, be adhered to in order that the model be imbued 
with the necessary realism (e.g. Jorgensen et al., 
1981, J~rgensen et al., 1986). Iterative calibration 
using best-judgement tuning of parameters by the 
modeller, combined with sensitivity analysis, is com- 
monly used to obtain parameter estimates (e.g. 
Scavia, 1980; Rossi et al., 1986). In the present 
study, we have opted to use this method. 

Validation is generally carried out with a second, 
independent set of field data. In theory it is possible 
only to invalidate a model, since it cannot be shown 
that the model conforms to reality under all circum- 
stances. In practice, validation is achieved when 
predictions from a model that has been calibrated 
and verified with one data set, give a good approxi- 
mation of the behaviour of a second data set (Beck, 
1986b). Once complete, validation indicates that the 
model can be used as a tool to make prognoses about 
the system for which it was calibrated. 

This paper presents the results of a sensitivity 
analysis, calibration and validation of the water qual- 
ity model described in Part I. The input data used for 
the model were collected at Prospect Reservoir, New 
South Wales, by the Sydney Water Board. Prospect 
Reservoir was chosen because of the quality of the 

model input data; it is a secondary reservoir with 
inflows and outflows that are regulated and moni- 
tored closely. 

2. Input data 

Prospect Reservoir, 30 km west of Sydney, Aus- 
tralia, is a moderately large, mesotrophic reservoir 
supplying 80% of water used in the Sydney 
metropolitan area. It has a mean depth of 9 m, 
maximum depth of 24 m, surface area of 5.25 x 106 
m 2, maximum storage volume of 50 × 106 m 3, and a 
mean hydraulic retention time of 35 days. Under 
present operating conditions, the water quality is 
generally high. It has not suffered from severe hy- 
polimnetic oxygen depletion (<  2 mg DO 1-1 ) and 
only minor algal blooms have occurred in the past 
(Cannon et al., 1970). 

All data used for the model were from existing 
records (Schladow and Hamilton, 1992). In several 
cases the frequency and spacing of the data fell short 
of the ideal for calibrating the water quality compo- 
nent of the model. Further, the levels recorded for 
critical variables, namely PO4-P, often approached 
the limits of resolution. Both of these factors com- 
bined to increase the uncertainty associated with the 
field data although the temporal and spatial resolu- 
tion of the data was generally still adequate for the 
purposes of calibration. 

Water levels and volumes of the inflows and 
outflows were from Sydney Water Board records. 
Presently the reservoir receives gauged inflows from 
the Warragamba Pipeline and the Upper Canal (see 
Fig. 1). Warragamba Pipeline water, comprising 75% 
of the inflow, is usually drawn from hypolimnetic 
water at the Warragamba Dam, and has a year-round 
temperature of approximately 14°C. The Upper Canal 
is an open channel that receives water from reser- 
voirs in the Upper Nepean River catchment (Fig. 1). 
Water temperatures in the Canal are close to air 
temperature, fluctuating in the range 14°C-25°C. 
The canal is chloraminated on its passage to Prospect 
Reservoir, boosting ammonium concentrations from 
approximately 10 mg m -3 to 500-700 mg m -3. The 
catchment surrounding Prospect Reservoir supplies 
less than 0.5% of the total inflow volume. The water 
level is normally maintained within 0.15-0.30 m of 
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full supply level. Three of the four gauged offtakes 
withdraw epilimnetic water as they are within 2 m of 
the surface. A fourth offtake is approximately 9 m 
below the surface. All offtakes usually operate, and 
each extracts a similar volume of water. 

Two weekly vertical profiles of temperature, dis- 
solved oxygen and chlorophyll a were taken at 1 m 
intervals to a depth of 18 m at the Valve House (Fig. 
1). Depth integrated epilimnetic and hypolimnetic 
dissolved inorganic phosphorus, total phosphorus, 
nitrate, ammonium and Kjeldahl nitrogen were also 
taken at the Valve House. Measurements of nitrate 
and Kjeldahl nitrogen were used to estimate the total 
nitrogen concentration. Measurements of tempera- 
ture, chlorophyll a, dissolved oxygen and nutrients 
for the inflows were recorded at two weekly inter- 
vals. No attempts were made to simulate different 
functional groups of phytoplankton or to simulate 
zooplankton because phytoplankton species composi- 
tion and zooplankton biomass were measured only 
occasionally. 

Meteorological data comprised daily shortwave 
radiation from Sydney Airport (30 km to the eas0, 
and daily rainfall, 9 a.m. and 3 p.m. cloud cover, 
wind speed, and wet and dry bulb temperatures from 
Prospect Reservoir. Vapour pressure was determined 

from wet and dry bulb temperatures (Tennessee Val- 
ley Authority, 1972). 

The total period of data suitable for model input 
extended for 506 days, from 12 April 1989 to 31 
August 1990. A 200 day period within this, from 1 
November 1989 to 20 May 1990, was used for the 
sensitivity analysis and calibration. The full 506 day 
period was used for the validation. 

3. Sensitivity analysis 

The ranges derived in Part I for each of the major 
model parameters were used to set allowable param- 
eter limits for use in the model calibration (Table 1). 
As zooplankton biomass was low and had little 
effect on phytoplankton biomass (D. Cannon, Syd- 
ney Water Board, personal communication), parame- 
ters for zooplankton grazing were assigned fixed 
values according to those given in Part I. The use of 
these zooplankton parameters produced a daily re- 
moval rate of approximately 2% of the phytoplank- 
ton biomass for a zooplankton concentration of 0.4 
mg m-  3, a chlorophyll a concentration of 5 mg m- 3 
and a water temperature of 20°C, values typical of 
the euphoric zone in Prospect Reservoir. 

N 

1800 and 2100ram metres 
Pipeline offtakes 

Fig. 1. Map showing location of Prospect Reservoir, inflows, outflows and Valve House. 
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The sensitivity of model results to changed values 
of the calibration parameters was quantified with 
reference to chlorophyll a (Chla) and dissolved 
oxygen (DO) concentrations. These variables were 
considered to be two of the most critical determi- 
nants of water quality. For the sensitivity analysis all 
but one of the 29 adjustable parameters were fixed at 
the mean of their defined range given in Table 1. 
The model was then run twice for the 200 day 
calibration period, with the remaining free parameter 
set to the minimum of its assigned range for the first 
run and to the maximum of its assigned range for the 
second run. This process was repeated for each 
parameter in turn. Three measures of sensitivity were 
used in interpreting the model output. These were 
designed to test for changes in mean concentration 

over the whole water column, changes in the vertical 
distribution, and changes in the temporal distribution 
of Chla and DO. These latter two tests were consid- 
ered necessary, as the mean concentration could 
remain unchanged in the presence of profound 
changes in either the vertical or temporal distribu- 
tion. 

To calculate changes in mean concentrations in 
the water column, the mean depth-averaged concen- 
trations of Chla and DO were calculated at every 
model timestep, and the maximum, minimum and 
mean values over the entire 200 day simulation were 
recorded. The values for Chla and DO are shown in 
the histograms of Fig. 2a and b. For each of the 
parameters numbered on the horizontal axis two bars 
are displayed; the first corresponds to the use of the 

Table 1 
Parameters used in the calibration and sensitivity analysis 

Parameter Definition Units Assigned Assigned 
range value 

1 Gp maximum phytoplankton growth rate day-  l 1.3-3.6 2.02 
2 k r phytoplankton respiration coefficient day-  1 0.05--0.17 0.085 
3 k m phytoplankton mortality coefficient day - 1 0.01-0.10 0.02 
4 0 p  phytoplankton temperature multiplier 1.02-1.1 4 1.09 
5 I s phytoplankton saturating light p,E m - 2  s -  i 100-500 a 100-220 
6 7/c specific extinction coefficient, Chla m2(mg Chla)-  l 0.015-0.025 0.02 
7 r/w background extinction coefficient m -  i 0.25-0.65 0.45 
8 IPmi n minimum phytoplankton internal P mg P (mg Chla) -  J 0.1-1.0 0.20 
9 IPma x maximum phytoplankton internal P mg P (rag Chla)-  l 1.0-5.0 1.24 
10 INmi n minimum phytoplankton internal N mg N (rag Chla)-  l 1.5-4.0 2.35 
I 1 INma x maximum phytoplankton internal N mg N (nag Chla)-  l 8.0-15.0 9.0 
12 Up maximum rate of phytoplankton P uptake nag P (rag Chla) -  J day-  1 0.05-1.0 0.078 
13 U s maximum rate of phytoplanktun N uptake mg N (mg Chl a ) -  i day-  l 0.5-10.0 0.85 
14 Kp half saturation constant for phytoplanktun P uptake mg m -  3 i -25  2.75 
15 Kr~ half saturation constant for phytoplankton N uptake mg m -  3 20-200 22 
16 pp density of phytoplankton kg m -3  1005-1100 1025 
17 k a rate coefficient for nitrification day- 1 0.005-0.05 0.037 
18 k b rate coefficient for sediment oxygen demand g m - 2  day- ~ 0.02-50.0 3.95 
19 kao D rate coefficient for breakdown of organic matter day- l 0.001-0.025 0.008 
20 kop rate coefficient for organic P mineralisation day- 1 0.07-0.80 0.099 
21 koN rate coefficient for organic N mineralisation day-  i 0.03-0.3 0.03 
22 Pr  density of particulate nutrients kg m -  3 1005-1200 1017 
23 PB density of particulate organic matter kg m -  3 1001-1100 1013 
24 On temperature multiplier for nitrification 1.02-1.14 1.03 
2 5 0  a temperature multiplier for detrital breakdown 1.02-1.14 1.05 
26 Sp sediment phosphorus release mg m -  2 day-  m 0.0-5.0 0.013 
27 S N sediment ammonium release mg m - 2  day- 1 0.0-10.0 0.04 
28 0 s temperature multiplier for sediments 1.02-1.14 1.04 

a Values of I s were fixed for the purpose of  the sensitivity analysis. 
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Fig. 2. Minimum, maximum and mean of the depth-averaged, 
daily concentrations of (a) chlorophyll a and (b) dissolved oxygen 
for the period of the sensitivity analysis (1 November 1989 to 20 
May 1990). Each parameter, numbered according to Table 1, was 
adjusted first to the minimum and then to the maximum of its 
assigned range of Table 1. 

parameter affecting the oxygen concentration. Dis- 
solved oxygen levels were also influenced, however, 
by parameters that indirectly affected phytoplankton 
growth by changing phosphorus uptake dynamics 
(e.g. IP~n and Kp). 

Changes in the vertical distribution were mea- 
sured by examining variations in Chla and DO with 
depth. For each timestep, the standard deviation in 
Chla or DO over the depth of the water column was 
divided by the mean Chla or DO over the water 
column, thus normalising the data. Fig. 3a and b 
show the maximum normalised values of Chla and 
DO over the 200 day simulation period, correspond- 
ing to the minimum and maximum values of each 
parameter. The minimum values are not shown as 
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assigned minimum value of that particular parameter, 
and the second to the use of the maximum value. 

The histograms show that the model results for 
both Chla and DO are only sensitive to a relatively 
small subset of the 29 parameters. Parameters for 
which Chla was highly sensitive are those that di- 
rectly alter growth rates (Gv, kr and k m) or indi- 
rectly affect growth rates through their ability to take 
up or utilise phosphorus (Iemin, Up and Kv). Chla 
levels were only mildly sensitive to light penetration 
in the water column, nitrogen uptake (U s ) and sedi- 
ment 6xygen demand (k b) for the assigned parame- 
ter ranges. 

Even fewer parameters affected the minimum, 
mean and maximum levels of DO over the selected 
200 day period. Sediment oxygen demand, for the 
range assigned to k b, was clearly the dominant 

fo) 

'57i 
Pararacter No. 

parameter No. 

Fig. 3. Maximum of the standard deviation normalised by the 
mean daily concentration over the ~t ter  column for (a) chloro- 
phyll a and (b) dissolved oxygen for the period of the sensitivity 
analysis (1 November 1989 to 20 May 1990). Each parameter, 
numbered according to Table 1, was adjusted first to the minimum 
and then to the maximum of its assigned range of  Table 1, 
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they were all zero, corresponding to times when the 
water column was homogeneous. 

Five parameters had a large effect on the distribu- 
tion of Chla in the water column. Phosphorus uptake 
parameters (IPmi n, Up and Kp) were once again 
important determinants of the vertical distribution of 
chlorophyll a, but changes to the values of Op and 
pp could also alter the distribution substantially. All 
but the latter variable affect the growth rate of 
phytoplankton. In a phosphorus limited system, up- 
take of phosphorus by phytoplankton in one part of 
the water column precludes its transport and utilisa- 
tion in another part of the water column, thereby 
altering the vertical distribution. By contrast, changes 
in Gp, k r and k m had little effect on the spatial 
distribution as they act uniformly over the vertical 
distribution. Thus they would only affect the mean 
concentration, as already shown. In a temperature 
stratified water column, altering the temperature re- 
sponse through changes in Op would lead to differ- 
ent growth and loss responses over the water col- 
umn. The remaining parameter, Pch]a, directly af- 
fects the settling rate of phytoplankton, but is also 
influenced by the density and viscosity of the water 
column. Therefore, for the wide range assigned to 
this parameter, in a temperature stratified water col- 
urnn there will be different rates of phytoplankton 
loss over the water column. 

The depth distribution of DO in the water column 
is most affected by the sediment oxygen demand 
parameter, k B. The only other parameter to have a 
marked effect on the vertical distribution of DO was 
IPmi . ,  through its influence on phytoplankton biomass 
and the resultant oxygen production and consump- 
tion. 

Sensitivity of the temporal distribution of Chla 
and DO to changes in the various parameters was 
quantified from the distribution of the depth-aver- 
aged concentrations over the 200 day simulation 
period. The time when the centre of this distribution 
(first moment) and one standard deviation on either 
side of this distribution (second moment) were at- 
tained was quantified by the number of days since 
the start of the simulation. 

The temporal distribution of DO was insensitive 
to changes in any of the parameter ranges, but Chla 
distributions were variable (Fig. 4a and b). In partic- 
ular, high values of IPmi ~, Kp and k B, and low 
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Fig. 4. First moment (mean) and second moments (mean + standard 
deviation) of the temporal distribution of  daily, depth averaged (a) 
chlorophyll a and (b) dissolved oxygen concentrations for the 
period of the sensitivity analysis (1 November 1989 to 20 May 
1990). Each parameter, numbered according to Table I, was 
adjusted first to the minimum and then to the maximum of its 
assigned range of Table 1. 

values of Up and U N, advanced the onset of algal 
production. 

The parameters to which the model results are 

Table 2 
Sensitive model parameters with respect to mean concentration, 
vertical distribution and temporal distribution of  chlorophyll a and 
dissolved oxygen concentrations. Definitions of parameters arc  

given in Table 1 of  Part I 

Chlorophyll a Dissolved oxygen 

Mean Gp, k r, k m, lPraia, IPmin, Kp, k h 
concentration UPma x , Kp 
Vel'fical Op, IPmin, l..lPmax, k b 
distribution Kp, pp 
Temporal IPmin, UPmax, UNmax, 
distribution Kp, kb 
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be noted that this result is specific to Prospect Reser- s- 
voir, although many of the parameters could be ~°- 
expected to produce similar results in other systems. ,5- ( 
As a consequence of the sensitivity analysis, how- 
ever, the number of model parameters that formed 
the focus of the calibration was reduced from 29 to 
10. Knowledge of the selective way in which the 
model result is affected by the most sensitive model 
parameters (i.e. the temporal or spatial distribution of 
Chla or DO) further simplified the task of calibra- 
tion. 

4. Calibration and verification 

The ecological model was calibrated by trial-and- 
error adjustment of the most sensitive parameters to 
give the best match with trends in the measured field 
data over the 200 day period. Although only dis- 
solved oxygen and chlorophyll a concentrations were 
used in identifying the most sensitive parameters, all 
the measured data (e.g. PO4-P, NO3-N, NHg-N, 
TP and TKN) were used in the model calibration. 
The parameter values found to give the best fit for 
Prospect Reservoir are given in Table 1. 

The hydrodynamic component of the model was 
verified with nine years (1983-1991) of temperature 
data for Prospect Reservoir. The model produced 
accurate simulations of observed temperatures over 
this period. Because of the limited data available to 
verify the other state variables in the model, a two 
year period of relatively complete data (1989-1990) 
was replicated to give a total simulation period of ten 
years. This procedure verified the stability of the 
model and its ability to reproduce repeatable sea- 
sonal and annual trends in all of the state variables. 

5. Validation 

The model validation used the measured input 
variables to simulate the observed reservoir be- 
haviour over a 506 day simulation period, from 12 
April 1989 to 31 August 1990, when a detailed data 
set was available. This period included the 200 days 
used for the sensitivity analysis and calibration of the 
ecological model. Thus, for the greater part of the 
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Fig. 5. (a) Measured and (b) simulated temperatures, and (c) error 
in simulated temperature as a fraction of the measured value, for 
the period 12 April 1989 and 31 August 1990. 
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I 

period the model was predicting the reservoir be- 
haviour. 

The simulated temperatures of Fig. 5b correspond 
closely to the measured values of Fig. 5a. There is a 
strong density stratification during warmer months of 
the year with a relatively shallow surface mixed 
layer. Fig. 5c shows a contour plot of the differences 
between the measured and simulated data, where the 
differences are determined for each field measure- 
ment as (measured v a l u e -  simulated value)/mea- 
sured value. The mean difference between the mea- 
sured and simulated temperatures was 5.2% of the 
measured temperature, with a standard deviation of 
3.6%. This result was achieved independently of the 
ecological model calibration, although there is a 
feedback of the ecology to the hydrodynamics via 
the extinction coefficient (refer to Part I). It should 
be noted that the contour plot for the field data was 
constituted from the two weekly profiles taken at lm 
intervals to a depth of 19 m whereas the simulated 
data represents daily output for each Lagrangian 
layer represented in the model. 

The simulated dissolved oxygen concentrations of 
Fig. 6b are in reasonable agreement with the field 
measurements of Fig. 6a. The error variation, calcu- 
lated as above for temperature, is shown as a contour 
plot in Fig. 6c. The mean difference between mea- 
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Fig. 6. (a) Measured and (b) simulated dissolved oxygen concen- 
trations, and (e) error in simulated dissolved oxygen as a fraction 
of the measured value, for the period 12 April 1989 and 31 
August 1990. 

sured and simulated DO was 9.9% of the measured 
DO, with a standard deviation of 13.9%. Much of 
the variation between simulated and measured DO 
occurs close to the bottom of the water column 
where periodic insertions of  oxygen derived from the 
inflows significantly elevate the simulated DO but 
are not seen over the temporal and spatial scale for 
which measurements are carried out (Hamilton and 
Schladow, 1994). 

The simulation result for Chl a, shown in Fig. 7b, 
was achieved by striking a balance between those 
parameters affecting the temporal distribution of 
Chla and those affecting its vertical distribution. 
Measured Chla concentrations are shown in Fig. 7a 
and a contour plot of differences between the mea- 
sured and simulated data over the water column is 
given in Fig. 7c. For this case, the differences were 
calculated as: [(measured value + 1.0) - (simulated 
value + 1.0)]/(measured value + 1.0) in order to 
avoid bias for cases when the measured chlorophyll 
a concentration was very close to zero. Using this 
method the mean difference between the measured 
and simulated values, as a mean over the water 
column and the 200 day period, was 24.1% of the 
measured Chla, with a standard deviation of 19.7%. 
Variations between measured and simulated tempera- 

ture, DO and Chla are somewhat higher than the 
measurement errors (+0.1°C,  +0.1 mg L - I  and 
+0.5 /zg L -~, respectively) but for DO and Chla, 
consideration should be given to the wide natural 
variability of phytoplankton biomass, both spatially 
and temporally. 

The distribution of Chla is a complex mix of 
limiting effects induced by temperature, availability 
of light and nutrients, and the physical mixing pro- 
cesses that dictate the vertical distribution of a cell in 
the water column. When the water column in Prospect 
Reservoir was well mixed, phytoplankton concentra- 
tions were nearly evenly distributed vertically. At the 
onset of  stratification the mixed layer provided more 
favourable conditions for phytoplankton growth while 
in deeper layers light was the major limiting factor. 

Nutrient dynamics are of crucial importance to the 
ecological components of the model. The calibration 
procedure required a balance between phytoplankton 
growth and depletion of available nutrients from the 
water column. The broad trends of changes in mea- 
sured nutrient concentrations, as well as temperature 
and dissolved oxygen, at specific depths, have been 
simulated in Figs. 8 and 9. Particular attention was 
placed on the dynamics of  POa-P as this nutrient 
was the main one limiting phytoplankton biomass in 
Prospect Reservoir. Phosphorus concentrations were 
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Fig. 7. (a) Measured and (b) simulated chlorophyll a concentra- 
tions, and (c) error in simulated chlorophyll a as a fraction of the 
measured value, for the period 12 April 1989 and 31 August 1990. 
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distribution of Chla over the verification period. 
When each of these parameters was adjusted to the 
minimum of its assigned range it allowed phyto- 
plankton to access the available nutrients more 
rapidly, moving the temporal concentration distribu- 
tion towards the start of the simulation. The nutrient 
uptake parameters UPma X and UNma ~ worked in the 
opposite way by lowering the respective uptake rates 
and preserving dissolved inorganic nutrients at high 
levels until later in the sensitivity analysis period. A 
high value of the biological sediment oxygen de- 
mand, k b, shifted the temporal distribution of Chla 
towards the start of the simulation, triggering rapid 
onset of sediment anoxia and associated nutrient 
release. It should be noted, however, that the param- 
eters for sediment nutrient release remained largely 
unvalidated as Prospect Reservoir had not previously 
experienced oxygen depletion of a magnitude that 
would allow substantial anoxic release of nutrients 
from the sediments (Schladow and Hamilton, 1995). 

Under the present flow conditions, the depth of 
the mixed layer is entirely due to the interplay 
between the inflows, the outflows and the surface 
mixing processes. There is a strong thermal stratifi- 
cation and shallow mixed layer depth during wanner 
months of the year (December to April). The rela- 
tively large flow of cold water from the Warragamba 
Pipeline inserts into the hypolimnion while at the 
same time the bulk of the withdrawal comes from 
the surface. Thus the thermocline is maintained at an 
artificially high level and there is not the characteris- 
tic deepening of the mixed layer prior to turnover 
which is commonly observed in lakes of temperate 
regions. By contrast, the temperature of the Upper 
Canal is similar to that of the mixed layer. This 
inflow therefore inserts near the surface and does not 
affect the mixed layer depth greatly as it is volumet- 
rically inferior to the Warragamba inflow. 

The temporal distribution of dissolved oxygen 
through the water column is largely a reflection of 
the prevailing stratification. At turnover, oxygen is 
redistributed throughout the water column to homo- 
geneous levels around 2 mg l-1 below saturation. 
Oxygen levels peak soon after restratification when 
the cold water is saturated. During the stratified 
period oxygen produced through photosynthesis is 
confined primarily to the epilimnion and although 
oxygen derived from the Warragamba inflow is 

highly important to the inventory in the hypolimnion, 
it does not compensate completely for biochemical 
utilisation of oxygen in the water column and the 
sediments. Von Winterberg et al. (1985) suggested 
that the relatively slow rate of hypolimnetic oxygen 
depletion in Prospect Reservoir was due to signifi- 
cant photosynthetic oxygen production in the hy- 
polimnion. However, Hamilton and Schladow (1994) 
traced the various sources and sinks of dissolved 
oxygen using DYRESM Water Quality and showed 
that the only significant source of oxygen was from 
the Warragamba inflow. This inflow is generally 
saturated in oxygen and, in contrast to the Upper 
Canal inflow, plunges upon entering Prospect Reser- 
voir. Relatively wide variations in DO in the hy- 
polimnion occur in response to variations in the 
depth of insertion of the Warragamba inflow (Ham- 
ilton and Schladow, 1994) and these variations also 
contribute to marked deviations between measured 
and simulated DO near the bottom of the water 
column (Fig. 6). Vincent et al., 1991 have also 
shown that inputs of dissolved oxygen from a plung- 
ing river inflow can have a significant effect on the 
overall oxygen budget in a lake. 

Under the present flow regime, phytoplankton 
concentrations in Prospect Reservoir are largely in- 
sensitive to maximum sediment PO4-P release rates 
in the range 0-0.9 mg m -2 day - l ,  even though 
previous studies (e.g. Petrie and Smalls, 1981; 
OECD, 1982) and the sensitivity analysis of the 
present study indicate that phytoplankton biomass is 
strongly phosphorus limited. The possibility of nitro- 
gen limitation may be further averted by chloramina- 
tion of the Upper Canal. The hydraulic residence 
time in Prospect Reservoir is around 35 days but 
could be considerably lower in the hypolimnion due 
the high Warragamba through-flow. Moderate in- 
creases in phosphorus input from the sediments are 
therefore not reflected in increased Chla due to a 
combination of inhibited mixing across the thermo- 
cline and rapid flushing of the hypolimnion, which 
prevent severe anoxia of the bottom sediments. 

The validation showed that the coupled hydrody- 
namic-water quality model simulated the main tem- 
poral and spatial trends in all of the state variables 
that were modelled (Figs. 8 and 9). Some restratifica- 
tion of oxygen evident around day 470 of the simula- 
tion was not observed in the field data. This may 
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have resulted from inaccuracies in interpolations be- 
tween temperature measurements in the Warragamba 
inflow, which would have altered the depth of inser- 
tion of the saturated Warragamba inflow. This serves 
to illustrate the importance of a model that takes 
account of all the mixing processes when simulating 
the vertical and temporal distribution of dissolved 
oxygen and other water quality indicators. 

7. Conclusion 

The calibration, sensitivity analysis and validation 
adopted in this study form the basis of a procedure to 
derive an ecologically sound eutrophication model 
that may eventually be free from substantial calibra- 
tion. The knowledge acquired from our sensitivity 
analysis has allowed for identification through quan- 
titative methods of the most critical ecological pa- 
rameters. Verification of values of these parameters, 
based on the results of the present study, has been 
undertaken for Prospect Reservoir (Picketing, 1994). 
Deterministic process descriptions can then be for- 
mulated as specific data to which the model result is 
most sensitive are obtained. In addition, certain sub- 
models can be excluded or reduced according to the 
hierarchy of regulatory mechanisms (Stra~kraba, 
1994). It is still important, however, that the model 
retains an element of flexibility to encompass poten- 
tial changes in system behaviour, for example, 
changes in species composition, self-organisation as- 
pects of the ecosystem or synergistic effects amongst 
components. 

Finally, the model illustrates the importance of 
the process based hydrodynamic description used in 
DYRESM Water Quality for investigating the physi- 
cal processes that influence water quality. An exam- 
ple is provided by Prospect Reservoir where the 
depth of insertion of the Warragamba inflow plays a 
key role in oxygenation of the hypolimnion and the 
resultant biological response. Extension of determin- 
istic descriptions to the ecology will enhance the 
physical meaning of any remaining parameters and 
improve capabilities to explore interactions amongst 
the ecological components. 

Acknowledgements 

This work was supported financially through the 
Drinking Water Programme of the Sydney Water 

Board. The provision of data and assistance given by 
Ian Fisher, Bob Banens and many others from the 
Scientific Services Branch of the Sydney Water 
Board are greatly appreciated. We also acknowledge 
the assistance of JSrg Imberger, John Patterson, Peter 
Cullen, Stuart Mitchell and John Ferris. 

References 

Beck, M.B., 1986a. A procedure for modeling. In: G.T. Orlob and 
G.T. John (Editors), Mathematical Modeling of Water Quality: 
Streams, Lakes and Reservoirs. International Series on Ap- 
plied Systems Analysis. Wiley and Sons, pp. 11-41. 

Beck, M.B., 1986b. Sensitivity analysis, calibration and valida- 
tion. In: G.T. Orlob and G.T. John (Editors), Mathematical 
Modeling of Water Quality: Streams, Lakes and Reservoirs. 
International Series on Applied Systems Analysis, Wiley and 
Sons, pp. 425-467. 

Beck, J.V. and Arnold, K.J., 1977. Parameter estimation in engi- 
neering and science. John Wiley and Sons, 501 pp. 

Cannon, D., Dean, J.C. and Smalls, I.C., 1970. Growth and 
control of two species of Anabaena (Cyanophyta) in a water 
supply reservoir. Bull. AusL Soc. Limnol., 3: 15. 

Hamilton, D.P. and Schladow, S.G., 1994. Modelling the sources 
of oxygen in an Australian Reservoir. Verb. Internal Verein. 
Linmol., 25: 1282-1285. 

Jorgensen, S.E., Jorgensen, L.A., Kamp-Nielsen, L. and Mejer, 
H.F., 1981. Parameter estimation in eutrophication modelling. 
Ecol. Modelling, 13:111-129. 

Jergensen, S.E., Kamp-Nielsen, L. and Jorgensen, L.A., 1986. 
Examination of the generality of eutrophication models. Ecol. 
Modelling, 32: 251-266. 

Jergensen, S.E., 1993. State of the art of ecological modelling, 
Proceedings, International Congress on Modelling and Simula- 
tion, Perth, Western Australia. Vol. 2, pp. 455-48 I. 

OECD, 1982. Eutrophication of waters. Monitoring, assessment 
and control. Organisation for Economic Co-operation and 
Development, Paris, 154 pp. 

Petrie, L.G. and Smalls, I.C., 1981. Aspects of water quality 
management in multi-reservoir systems. Proceedings, Aus- 
tralian Water and Wastewater Association, 9th Federal Con- 
vention, Perth, pp. 14-21. 

Picketing, S., 1994. Prospect Reservoir sediment metal and nutri- 
ent release studies. Australian Water Technologies Science 
and Environment Report, 48 pp. 

Rossi, G., Premazzi, G. and Marengo, G., 1986. Correlation of a 
lake eutrophication model to field experiments. Ecol. Mod- 
elling, 34: 167-189. 

Scavia, D., 1980. An ecological model of lake Ontario. Ecol. 
Modelling, 8: 49-78. 

Schladow, S.G. and Hamilton, D.P., 1992. Water quality manage- 
ment for Prospect Reservoir Final Report. Centre for Water 
Research Report WP 700, The University of Western Aus- 
tralia. 

Schladow, S.G. and Hamilton, D.P., 1995. Modelling sediment 



S.G. Schladow, D.P. Hamilton~Ecological Modelling 96 (1997) 111-123 123 

nutrient release in a stratified reservoir. J. Mar. Freshwat. Res., 
46 (1): 189-195. 

Stra~kraba, M., 1994. Ecotechnological models of reservoir water 
quality management. Ecol. Modelling, 74: 1-38. 

Tennessee Valley Authority, 1972. Heat and mass transfer be- 
tween a water surface and the atmosphere. Water Res. Rep., 
14 (0-6803). Noris, Tenn. 

Vincent, W.F., Gibbs, M.M. and Spigel, R.H., 1991. Eutrophica- 

tion processes regulated by a plunging river inflow. Hydrobi- 
ologia, 226: 51-63. 

Von Winterberg, M.M., Bowen, L.D., Petrie, L.G. and Smalls, 
I.C., 1985. Hypolimnetic inflow and response in a secondary 
water reservoir. Proceedings, Australian Water and Wastewa- 
ter Association, 1 l th Federal Convention, Sydney, pp. 264- 
272. 


