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ABSTRACT 

WaterNSW is responsible for bulk water supply in the Greater Sydney Region. It maintains 
and operates an extensive surface water storage network in the Hawkesbury-Nepean River 
and the Shoalhaven River. The Hawkesbury-Nepean River is the main water source for the 
region. During droughts, supply is augmented by pumping from Tallowa Dam on the 
Shoalhaven River and/or by operating the Sydney Desalination Plant. 

WaterNSW develops, maintains, and uses the monthly WATHNET model for the Greater 
Sydney Bulk Water Supply System for planning and operation. The model uses the monthly 
natural (pre-dam) inflows at the dam walls. For inflow calculation, WaterNSW uses another 
in-house built-for-purpose catchment model, known as the Calculated Monthly Catchment 
Runoff (CMCR) model. CMCR back-calculates natural inflow using all observed storage flow 
fluxes. However, most storage operating rules including the environmental release are based 
on long-term daily 80%ile and 90%ile quantiles of the natural flows at the dam walls. 
Therefore, WaterNSW has now developed the daily catchment models for all Greater Sydney 
dam catchments including Tallowa Dam. 

This paper reports on the calibration of daily Rainfall-Runoff model of the Shoalhaven River 
catchment up to the Tallowa Dam wall. Configured on the eWater Source modelling 
platform, the model uses the Sacramento hydrological model and input data such as BoM 
gridded rainfall and areal potential evapotranspiration (PET) data and observed river flows 
at the selected gauging sites. The calibration period is 01/01/1991 to 31/06/2021. The 
calibrated Sacramento model parameters are then used to extend the inflow time series back 
to 1911. Finally, the long-term (i.e. 1911-2020) 80%ile and 90%ile inflows are calculated 
and found to be 190 ML/d and 110 ML/d respectively. 

INTRODUCTION 

WaterNSW is responsible for bulk water supply in the Greater Sydney Region. It maintains and 



operates an extensive surface water storage network in the Hawkesbury-Nepean River and the 
Shoalhaven River (Figure 1). The Hawkesbury-Nepean River is the main water source for the region. 
During droughts, the supply is augmented by pumping from the Tallowa Dam storage on the 
Shoalhaven River and/or by operating the Sydney Desalination Plant. 

WaterNSW develops, maintains, and uses the monthly WATHNET model for the Greater Sydney 
Bulk Water Supply System for planning and operation. The model uses monthly natural (pre-dam) 
storage inflows. For inflow calculation, WaterNSW uses another in-house built-for-purpose 
catchment model, known as the Calculated Monthly Catchment Runoff (CMCR) model. CMCR back-
calculates natural inflows at dam walls using all observed storage flow fluxes. However, most storage 
operating rules including environmental release rules are based on long-term daily 80%ile and 90%ile 
inflow quantiles. In order to calculate these daily inflow quantiles, a daily catchment rainfall-runoff 
model is necessary. Therefore, WaterNSW has now developed daily catchment rainfall-runoff models 
for all Greater Sydney dam catchments including Tallowa Dam. Also, a daily WATHNET model has 
been developed so that all storage rules can be simulated with little or no compromise with the 
accuracy of the modelling results. 

Figure 1. Greater Sydney river system  
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TALLOWA DAM AND CATCHMENT AREA 

The Shoalhaven River catchment area to the river mouth is about 7,300 km². The Shoalhaven River 
commences between the Gourock and Minuma ranges. This study covers the catchment area of the 
Shoalhaven River up to the Tallowa Dam wall. The Tallowa Dam catchment area is about 5,616 km2 

(Figure 2). The upstream catchment is primarily rural areas and national parks, while the downstream 
reach contains small urban areas surrounded by rural areas. Two major tributaries that drain into the 
Tallowa storage, also known as Yarrunga Lake, are the Shoalhaven River and the Kangaroo River that 
after the dam wall form the Shoalhaven River. 

Tallowa Dam, completed in 1976, is a concrete gravity dam with central overflow spillway, located 
on the Shoalhaven River, at the confluence of the Shoalhaven River tributary with the Kangaroo 
River. The dam is 43 m high and 518 m long. At full supply level, the dam can hold back about 
90,000 ML. For environmental and recreational reasons, the operating storage of the dam is only 
35,300 ML. During droughts, up to a volume of 21,800 ML can be transferred to Sydney and 
Illawarra. Such transfers occur from a small storage, known as Fitzroy Falls, at the head of the 
Kangaroo River. The Fitzroy Falls Dam has a catchment area of only 31 sq km. Assuming that the 
dam catchment area is too small to induce any appreciable error in the estimation of inflow at the 
Tallowa Dam wall, this area has been simulated like a normal catchment area. During droughts, water 
is pumped at two stages from the Yarrunga Storage to Fitzroy Falls, and finally, water is transferred 
under gravity to the Wingecarribee Storage via the Wingecarribee River in the Hawksbury-Nepean 
system. 

Figure 2. Tallowa Dam catchment including subcatchment boundaries for selected river gauges 

OBJECTIVE OF THE STUDY 

Invariably, hydro-climatic data such as rainfall and evaporation have longer measurement records 
compared with the river flow data. Nevertheless, it’s the long-term river flow data that the most of 



river and storage operations and water supply infrastructure planning are based on. For this reason, it 
is always necessary to develop a methodology to extend the river flow time series to the extent 
possible based on the available hydro-climatic data records. The catchment rainfall-runoff modelling 
is the commonly used industry practice for this. In this study, the rainfall-runoff model of the 
Shoalhaven River catchment up to the Tallowa Dam wall is developed and calibrated based on the 
available rainfall, evaporation, and river flow data. The calibrated model is then used to calculate the 
natural inflow at the dam wall for long-term period for which hydro-climatic data are available (i.e. 
1911 to 2021). Finally, low-flow quantiles such as 80%ile and 90%ile values are also calculated.  

MODELLING INPUT DATA 

Data necessary for this rainfall-runoff modelling mainly consist of time-series data such as 
evaporation, rainfall, and river flows at the selected monitoring gauges and inflow at the dam site, and 
spatial data such as catchment shapefile and landuse data. 

River Monitoring Gauge Flow 

The river flows at the existing monitoring gauge locations in the Shoalhaven River Basin were 
downloaded from the WaterNSW Water Monitoring Information Portal (WaterNSW Real-Time 
Data). The data were analysed for the period of availability, gaps and inconsistency. Accordingly, the 
monitoring sites were selected for the modelling purpose. The following river monitoring gauges were 
selected for the purpose (Figure 2): 

 Shoalhaven River @ Hillview (Gauge #215208) 

 Shoalhaven River @ Fossickers Flat (Gauge #215207) 

 Kangaroo River @ Hampden Bridge (Gauge #215220) 

 Shoalhaven River @ Tallowa Dam wall (Gauge #215212)  

The catchment area was delineated including the catchment area of the selected river gauges (Figure 
2). The subcatchment area delineated based on the location of river monitoring gauges is given in 
Table 1. 

Table 1. Subcatchment areas 

Subcatchment (SC) SC Area (sq km) SC Area (%)

SC #215208 2,675 47.61

SC #215207 (Residual) 2,002 35.64

SC #215220 607 10.80

SC #215212 (Dam Wall, Residual) 334 5.95

Total Catchment Area 5,618 100

Catchment Evaporation and Rainfall 

The gridded rainfall and area potential evapotranspiration from the Bureau of Meteorology have been 
used. The catchment rainfall-runoff model uses the sub-catchment average values calculated based on 
the grid cell values. The rainfall data is available from 1900, whereas the evaporation data from 1911. 

Catchment Landuse  

The catchment landuse types and corresponding area in each sub-catchment has been derived from the 
recent NSW landuse database. For modelling purpose, the catchment landuse has been broadly 
categorised in the following four types (Figure 2): 

 Agriculture 

 Forest 



 Developed, and 

 Water body 

The landuse area in the catchment has been calculated and provided in Table 2 and Figure 3. The 
rainfall-runoff model has been configured in a manner, where each sub-catchment is a modelling unit 
and each modelling unit has four functional units representing different landuse types. 

Table 2. Catchment landuse area 

Landuse Type Landuse Area (ha) Landuse Area (%)

Agriculture 276,826 49.29

Forest 255,160 45.43

Developed 23,317 4.15

Water body 6,336 1.13

Total Area 561,638 100

Figure 3. Subcatchment functional unit area (%) 

Tallowa Storage Inflow  

As shown earlier, about 94% of the catchment inflow is measured at three gauging sites and about less 
than 6% remaining catchment at the dam wall, where only the storage level is measured. To calibrate 
the catchment inflow at the dam wall, the observed inflow is necessary. The river flow cannot be 
measured at the dam wall due to flow regulation. Nevertheless, it is possible to back-calculate inflow 
at the dam wall by carrying out the storage mass balance. As mentioned earlier, WaterNSW uses the 
monthly CMCR storage mass balance model to back-calculate the monthly natural inflow at the dam 
wall. For the verification of residual area upstream of the dam wall, the monthly CMCR inflow has 



been used for comparison. Details of the CMCR model can be found in SCA (2009).   

CATCHMENT MODEL CONFIGURATION 

Hydrological Model 

The catchment rainfall-runoff model has been configured on the eWater SOURCE hydrological 
modelling platform. The SOURCE modelling software has a in-built functionality to choose from a 
range of rainfall-runoff models such as Sacramento, GR4J, AWBM, SYMHYD etc. A 22-parameter 
Sacramento hydrological model has been used for each functional unit. The Sacramento model is a 
continuous rainfall-runoff model used to generate daily stream flow from daily rainfall and potential 
evapotranspiration data. It uses soil moisture accounting to simulate the water balance within the 
catchment at the functional unit level. 

Objective Functions 

SOURCE supports a range of objective functions that are either maximised or minimsed during model 
calibrations. Initially, these objective functions were used for a gauge calibration to identify the 
objective function that gives the best calibration results. The results of the assessment exercises have 
not been given here to maintain the brevity of the paper. Nevertheless, it has been found that the 
objective function, known as Square-root Daily, Exceedance and Bias (SDEB), in general, gives the 
best results for the Shoalhaven basin catchment, and therefore, SDEB has been used for the 
calibration.  

The SDEB metric was proposed by Lerat et al. (2013), based on a function introduced by Coron et al. 
(2012). It combines three terms: 

 the sum of errors on power transformed flow,  

 the same sum on sorted flow values and  

 the relative simulation bias. 

The SDEB equation is: 

where: 

α is a weighting factor set to 0.1 

λ is an exponent set to 0.5 

N is the number of time steps 

Qobs,i is the observed flow for time step i 

Qmod,i is the modelled flow for time step i 

RQobs,k is the k'th ranked observed flow of a total of N ranked flows 

RQsim,k is the k'th ranked modelled flow of a total of N ranked flows 

The SDEB metric is designed to be applied to daily data. The SDEB ranges from 0 to +∞, where a 
value of 0 indicates a perfect fit between modelled and observed data. The coefficient α and the power 
transform λ are used to balance the three terms within the objective function. The weighting factor α 
is used to reduce the impact of the timing errors on the objective function.  

Using values of power transform λ of less than 1 has the effect of reducing the weight of the errors in 
high flows, where the flow data are known to be less accurate. Lerat et al. (2013) found that a power 
transform of 0.5 led to the best compromise between high and low flow performance in their project. 
This value has been adopted in SOURCE. As the simulated daily inflow is expected to be used in both 
environmental flow requirement determination as well as in the system yield assessment, SDEB is 
considered to be an appropriate choice for this study. 



Optimiser 

Like the objective functions, Source also offers functions to optimise the selected objective functions. 
In this calibration, Shuffled Complex Evolution (SCE) followed by Rosenbrock as a local optimiser 
has been used. SCE is a global optimiser that learns the parameter set for calibration from previous 
runs and has been found to produce good results. A sensitivity analysis has been carried out to assess 
the number of shuffles that gives the best result. Although due to random seeding of the automatic 
optimisation, a higher number of shuffles does not necessarily improve the results at times, yet it was 
found that a set of about 50 shuffles invariably produces good calibration results for this catchment. 
Any subsequent increment enhances the results insignificantly, but simulation run time increases 
significantly. For this reason, the SCE optimiser has been used with 50 shuffles with random seeding 
followed by 800 iterations. 

Calibration Period 

Figure 4 shows the river flow data available at the selected gauges. Although the data are available 
from 1973, all gauges have the data from 1978. Figure 5 shows the average areal potential 
evapotranspiration over the Tallowa Dam catchment. This shows a marked change in evaporation 
pattern after 1990. A personal communication with BoM clarifies that this is due to the methodology 
that has been used to derive the evaporation (Raut et al, 2018), and post-1990 data are more accurate. 
For this reason, a calibration period from 01/01/1991 to 31/05/2021 has been chosen for this study. 
Nevertheless, a sufficiently long warming period starting from 1970 has been used so that the high 
and low flow events prior to 1991 are not ignored in the calibration. 

Figure 4. Flow time series of the gauges selected for calibration 



Figure 5. BoM gridded areal potential evapotranspiration over the study catchment 

CATCHMENT MODEL CALIBRATION 

Calibration Assessment Criteria 

The model goodness-of-fit performance has been assessed based on the best industry practice for the 
Sacramento rainfall-runoff calibration (Anderson, 2002). The broad assessment criteria include the 
following: 

 Visual Observation of calibration plots such as exceedance, cumulative, time series, etc. 

 Scattered Plots 

 Pearson’s Correlation 

 NSE Daily and Monthly 

 Volume Bias  

These terms are common terminologies in the modelling space, so they are not defined here. 

Calibration Results 

Shoalhaven River @ Hillview (Gauge #215208) 

The contributing catchment area of the Gauge #215208 is the head catchment of the Shoalhaven River 
tributary. The Sacramento parameters for each functional unit in the subcatchment have been 
optimised for the selected objective function i.e. SDEB. The calibration results are given in Table 3. 
Also, the relevant calibration plots are shown in Figure 6. The values of calibration goodness-of-fit 
parameters appear to be acceptable. 

Table 3. Gauge calibration statistics 

Gauge Pearson's 
Correlation

NSE Daily NSE Monthly Volume Bias (%) Mean Daily Flow (ML/d)

Observed Simulated

#215208 0.93 0.87 0.93 0.00 686 685

#215207 0.92 0.85 0.92 -1.40 1,234 1,216

#215220 0.90 0.81 0.92 -0.25 472 471



Figure 6. Exceedance and scattered calibration plots for Gauge #215208 

Shoalhaven River @ Fossickers Flat (Gauge #215207) 

The calibration for this gauge was carried out for the residual catchment area of the gauge with the 
flow set to the observed one at upstream gauge (i.e. Gauge #215208). Nevertheless, the results shown 
in Table 3 and Figure 7 are exclusively based on the calibrated parameters of individual functional 
units in both subcatchments. The calibration results are good and the calibration goodness-of-fit 
parameter statistics within the acceptable range. 

Figure 7. Exceedance and scattered calibration plots for Gauge #215207 

Kangaroo River @ Hampden Bridge (Gauge #215220) 

The contributing catchment area of this gauge is the head catchment of the Kangaroo River tributary. 
Like the Shoalhaven River catchment, the calibrated Sacramento parameters have been found by 
running automatic optimisation. The calibration results for this gauge are shown in Table 3 and 
Figure 8. The calibration results appear to satisfy all assessment criteria very well. 

Figure 8. Exceedance and scattered calibration plots for Gauge #215207 

Shoalhaven River @ Tallowa Dam wall (Gauge #215212) 

The residual catchment area in front of dam wall cannot be calibrated using the normal calibration 
method since the daily inflow at the dam wall gauge is not available. The daily inflow at the dam wall 
can be calculated using any of the back-calculation methods by carrying out the storage mass balance. 



Nevertheless, the simulated inflow at the dam wall can be verified by comparing with the CMCR 
monthly inflow as discussed earlier.   

Considering that the residual catchment area of Gauge #215207 and the residual area upstream of the 
dam wall appear to be having similar landuse, the calibrated Sacramento parameters for individual 
functional units (i.e. agriculture, forest, developed and water body) of the residual catchment area of  
Gauge #215207 have been assumed to be valid for the residual catchment upstream of the dam wall. 
The residual catchment upstream of the dam wall is less than 6% of the entire catchment area and the 
remaining 94% catchment area is very well calibrated so this assumption is expected to produce an 
acceptable result. Accordingly, the model has been configured and run for the calibration period, and 
the daily inflow at the dam wall has thereby been calculated.  

Verifying the results of one model against that of another model is avoided in normal circumstances. 
Nevertheless, the simulated inflow at the dam wall has been compared to available CMCR monthly 
inflow. The comparison results are shown in Figure 9 and Figure 10. The simulated inflow appears 
to be comparable to the CMCR inflow as expected. The simulated monthly peaks are generally larger 
than CMCR ones and also, the simulated inflow is more than CMCR inflow by about 15%. The 
catchment rainfall-runoff simulated inflow of a particular month is simply an aggregation of daily 
inflows over the month, whereas the CMCR monthly inflow is calculated based on the average 
monthly storage flow fluxes and other storage parameters. This discrepancy in the flow peaks is 
believed to have attributed to the modelling time step. As far as the simulated inflow volume is 
concerned, both inflows are comparable. Nevertheless, considering the model calibration for the 94% 
catchment area, it gives a good confidence in the modelling results and the model inflow estimate at 
the dam wall can there be considered a robust one. 

Figure 9. Monthly natural inflow at the dam wall (i.e., Gauge #215212) 



Figure 10. Exceedance plots of the monthly natural inflow at the dam wall (i.e. Gauge #215220) 

LOW FLOW INFLOW QUANTILES CALCULATION 

As mentioned earlier, both gridded rainfall and evaporation are available from 1911, the model was 
configured and run for the period from 01/01/1911 to 31/05/2021 with the calibrated Sacramento 
model parameters. The natural inflow at the dam wall was recorded, as given in Figure 11. The daily 
80%ile and 90%ile low flow quantiles for the catchment have been calculated, and they are 190 
ML/day and 110 ML/day respectively. 

Figure 11. Exceedance plot for inflow at the dam wall for the period 1911-2021 

CONCLUSIONS AND RECOMMENDATIONS 

Invariably, important hydro-climate data such as evaporation and rainfall have longer measurement 
records compared to the river flow. Rainfall-runoff modelling is a world-wide industry practice to 
extend the inflow time series based on longer available hydro-climatic data. The Shoalhaven River 
Catchment Rainfall-Runoff model discussed in this paper appears to have been configured based on 
the best modelling practice. The model calibrations appear to satisfy the assessment criteria with the 
values of the most goodness-of-fit parameters in acceptable ranges. The catchment inflow estimate at 
the dam wall is robust and reasonable with the values of 80%ile and 90%ile inflow of 110 ML/day 



and 190 ML/day respectively. 

The Sacramento Rainfall-Runoff model appears to produce good results for a catchment like the 
Shoalhaven River. Also, eWater Source offers a multitude of in-built functionalities to simulate such 
catchments with ease and accuracy.    

MODELLING ASSUMPTIONS AND LIMITATIONS 

The Fitzroy Fall dam catchment of 31 sq km has not been simulated separately. It would be good to 
verify the model inflow at the dam wall if some robust estimate of daily inflow should be calculated 
based on any of the storage inflow back-calculation methods commonly used in the industry such as 
eWater Source Storage Inflow Derivation (SID) technique (eWater Source SID Technique). 
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