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Abstract:  A Scalable Vector Graphics (SVG) simulation tool has been developed for the optimal 
management and risk assessment of urban stormwater harvesting systems.  The aim is to create a 
tool to model the Helps Road Drain in the City of Salisbury, South Australia.  The system consists of a 
stormwater supply channel with an urban catchment and a series of 5 inline storage facilities, each 
serving to capture and hold stormwater for harvesting and aquifer recharge and also as a temporary 
water storage for flood mitigation.  The purpose of the simulation tool is to analyse the operations of 
urban stormwater harvesting systems and to study the movement of water through a series of 
connected dams in conjunction with an aquifer storage and recovery (ASR) system.  The simulation 
tool will provide water managers with an easy-to-use computer-based management package.  The 
system will generate simulated rainfall scenarios and associated simulated runoff to enable a realistic 
assessment of system capacity and performance and will allow managers to visualise limiting factors 
and assist in understanding the interdependence of different system components.  The simulation tool 
has the ability to investigate the effectiveness of various water management policies by evaluating the 
Conditional Value-at-Risk (CVaR) for failure of the stormwater supply system.  The tool provides visual 
outputs of simulated situations and information about simulated statistics and observed distributions of 
the movement of water. 

Introduction 
The aim of this study is to develop a computer simulation tool for the management of stormwater 
harvesting systems.  The purpose of the simulation is to study the movement of water through a series 
of connected dams in conjunction with an aquifer storage and recovery (ASR) system and to analyse 
the operations of these systems. 

The systems will consist of a stormwater supply channel and a series of downstream storage dams 
each with their own separate inflows and outflows.  The captured water will be supplied directly to 
industry for local use and any excess water will be stored in an underground aquifer. 

The urban stormwater harvesting system to be investigated is the Helps Road Drain, located in the 
City of Salisbury, in the northern Adelaide region of South Australia.  A prototype Scalable Vector 
Graphics (SVG) simulation tool is being developed for the optimal management and risk assessment 
of this system.  The SVG output displays a stylised visualisation of the system (for given parameters) 
as it changes over time with information about statistics and observed distributions of the movement of 
water. 

The aim of the simulation tool is to: 
• Provide water managers with an easy-to-use computer-based management tool; 
• Simulate a representative range of yearly rainfall scenarios that enable a realistic assessment 

of system capacity and performance; 
• Allow water managers to visualise the limiting factors and understand the interdependence of 

different components within the system; and 
• Investigate the effectiveness of various water management policies by evaluating the 

Conditional Value-at-Risk (CVaR) in failing to meet contracted supply to consumers. 

Previous Work 
In the 1950’s Moran produced several works on the theory of dam storage, motivated by the problems 
faced by the Snowy Mountain Authority in Australia (Moran, 1954; 1955; 1959).  He considered a 
system of a single dam with random inputs, with various prescribed probability distributions, and a 
prescribed rule for the release of water.  He derived an exact solution for the distribution of the amount 
of water in the dam at a given time for the discrete-time case, and a numerical approximation for the 
continuous-time case.  Langbein (1958) considered the theory of queues in an approach to determine 
the amount of holdover storage in a reservoir.  He considered the queuing analogy where the inflow to 
the reservoir represented the arrivals, the regulated outflows represented the departures, and the 
impounded water represented the queue.  Yeo (1974; 1975) considered a finite dam with 
independently and identically distributed inputs occurring in a Poisson process, and several release 
rates as functions of the content of the dam. 
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More recently, Piantadosi (2004) used a discrete state mathematical model for the management of 
water in a system of two connected dams through the use of stochastic matrices.  She assumed a 
regular demand of one unit from the system and determined the invariant state probability vector for 
various practical pumping policies using matrix reduction methods.  She proceeded to construct 
prototype computer simulations of water management systems at Mawson Lakes and Parafield, in the 
City of Salisbury. 

Howlett et al (2007) considered a system where stormwater flows into a large capture dam and is 
subsequently pumped to a smaller supply dam.  Their management policy of pumping to fill the supply 
dam defined a large block transition matrix.  Matrix Analytic Methods were employed in a solution 
procedure to find the invariant state probability vector from simplified equations. 

Dynamic programming was first introduced by Bellman (1957) as a method of solving a complex 
optimisation problem.  The Bellman principle says that if a policy is optimal over the time period [ ]T,0

then it is optimal over [ ]Tt,  for all t , where Tt <<0 .  Stochastic dynamic programming aims to find 
the optimal policy from a given group of policies, based on specific performance criteria, such as profit, 
loss, risk and waste of a system.  Ross (1983) provides an introductory text on this topic with a wide 
range of applications. 

However, models of operational systems usually contain both probabilistic and decision-making 
features often resulting in analytically intractable models.  Howard (1960) considers the Markov 
process as a system model and uses an iterative technique similar to dynamic programming as its 
optimisation method.  The method aims to find the policy that has a higher average return per 
transition than any other policy under consideration. 

Archibald et al (2006) proposed a practical stochastic dynamic programming method to solving multi-
reservoir control problems.  Decomposition is used to create low-dimensional independent sub-
problems that will determine an operating policy for each of the reservoirs in the system. 

Furthermore, an understanding of how water flows out of dams and other storages is beneficial in 
creating accurate mathematical models and simulations of multi-reservoir stormwater harvesting 
systems.  Details of these can be found in Giles (1983), Daily and Harleman (1966), and Jain (2001).  
Also, an analysis of dynamic systems can be found in Edwards and Penney (2000), and their 
numerical approximations in Burden and Faires (2005). 

Motivation 
The scarcity of water in Australia has made it necessary to search for alternative sources of this 
limited resource.  Adelaide currently depends on the River Murray for much of its water supply but 
many scientists warn that this supply may soon become insufficient or even unsuitable.  Scientists and 
politicians are currently talking about schemes to return water to the Murray-Darling river system 
where irrigation of cotton and rice crops has dramatically reduced river flow and water quality in recent 
years. 

Stormwater is a valuable resource that can be used to reduce the demand for water from the River 
Murray.  There are already several large users of reclaimed water in the City of Salisbury and the 
council is keen to extend the scope of their stormwater operations. 

This study is designed to benefit a particular region but the simulation may be modified and applied to 
many other local and national regions. 

System Description 
The Helps Road Drain urban stormwater harvesting system forms part of the Integrated Water Cycle 
Management Plan of the City of Salisbury.  The system consists of a stormwater supply channel with 
an urban catchment and a series of five inline storage facilities, each serving to capture and hold 
stormwater for harvesting and aquifer recharge, and also as a temporary water storage for flood 
mitigation. 

Stormwater runoff from the urban catchment is diverted into the first dam in sequence, Edinburgh 
Parks North, via a weir.  Once this dam reaches its harvest target, water begins to spill over the levee 
and flows through an open channel (called a reach) to the next dam in sequence, Edinburgh Parks 
South.  When the second dam fills, water spills over the levee and again flows through an open 
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channel to the downstream dam.  This process of continuous inflow and outflow repeats until the water 
flows out of the last dam.  Any water that flows out of the last dam is lost from the system and cannot 
be captured for reuse.  See Figure 1 for an illustration of the system. 

Figure 1: Diagram of the Helps Road Drain urban stormwater harvesting scheme 

During heavy rainfalls there may be further inflows to each dam other than those of the channel flow 
provided by the upstream dams, from small local catchments.  There may also be significant losses of 
water from the dams due to evapotranspiration.  That is, evaporation from open water plus 
transpiration from reeds and other plant-life growing in the water.  These aspects of the system have 
yet to be incorporated in the mathematical model, but will be taken into consideration in the near 
future.  The model will also eventually incorporate delays to allow for the time taken for water to flow 
between the storages. 

Each dam is capable of supplying water to consumers in order to satisfy demand.  In this case, if there 
is water in the dam, water is pumped out of the dam into a balance tank, and then directly to 
consumers through a pipeline, or into an aquifer storage and recovery (ASR) system.  Any excess 
water in the balance tank after supply is pumped into an aquifer to recharge underground water 
supplies.  When the water in the dam is insufficient to meet supply, water is drawn from the aquifer to 
assist in satisfying demand.  However, there is a constraint on the ASR system such that water 
withdrawn from the aquifer cannot exceed 80% of the amount pumped in. 

Mathematical model of the system 
Using Torricelli’s law (see Appendix) this system of five connected dams may be modelled as a 
system of differential equations.  Assuming there are instant transfers between the dams and that 
there are no upper limits on the capacities of the dams, the equations become 
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for 5,4,3,2=j , with initial conditions 

0,)0( ii hh =  for 5,4,3,2,1=i , 

where )(thi  is the height of the water in dam i  at time t , iw  is the height of the levee of dam i , )(tr

is the random inflow into the first dam at time t , )(tVi  is the volume of water in dam i  at time t , 

)(hAi  is the horizontal cross-sectional area of dam i  at height h , )(tqi  is a small random output rate 

of water from dam i  at time t , and ik  are constants, for 5,4,3,2,1=i , and where )(xu  is the unit step 
function 
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The numerical solutions of these equations are discussed later in the paper. 

The random inflow to the first dam will be stormwater runoff from an urban catchment as a result of a 
rainfall event.  A relationship between rainfall and stormwater intake to the first dam will be determined 
from observed correlations of historical data and incorporated into the simulation at a later stage.  

As mentioned previously, there are many aspects of the natural system that are not included in the 
mathematical model, such as evapotranspiration, further inflows, delays, and even upper limits on the 
capacities of the dams. Nevertheless, these will be considered in future model formulations. 

Simulation Features 
The simulation tool has been created in the Scalable Vector Graphics (SVG) programming language.  
SVG is a web standard for producing two-dimensional graphics (for more information see 
<http://www.w3.org/Graphics/SVG/>) and can simply be viewed in a web-browser with SVG support.  
The various components of the stormwater harvesting system are drawn as two-dimensional images 
whose attributes, such as size, shape, and colouring can be modified by ECMA-Script functions acting 
on them. 

The user has the ability to control the running of the simulation through the Play/Pause button, and to 
customise various settings and adjust parameters by clicking on other buttons.  The complete set of 
buttons of the simulation tool is shown in Figure 2. 

Figure 2: Menu buttons that allow the user to control the simulation 

The simulation displays the volumes of water in the dams over a daily interval by solving the system of 
differential equations using a fourth order Runge-Kutta method. For further details refer to Burden and 
Faires (2005) or Edwards and Penney (2000).  A stochastic rainfall model will generate simulated daily 
rainfall and a relationship between recorded rainfall and observed stormwater intake will be used to 
determine the inflow to the system at each stage.  Although the inflow and pumping rates are 
stochastic variables they are considered to be deterministic over each daily interval allowing for the 
use of a numerical solver. 

The Runge-Kutta solver has been adjusted to account for the condition that the heights of the water in 
the dams must be non-negative.  The method also keeps a record of certain statistics, such as how 
much water drained out of each dam, and hence how much will flow into the downstream dam; and 
how much was pumped out to satisfy demand or to be stored in the ASR system, at each stage. 

The main simulation screen is shown in Figure 3. It shows the level of water in each dam, the contents 
of the reaches and the aquifers, at each stage, information about how much stormwater was supplied 
in order to satisfy the demand, and a summary of these details so far. 

It can be seen that under each dam there is information about the cumulative amounts of water that 
was supplied, the amount of desired supply, and the amounts of transfers into and from the ASR.  In 
this system, the demand from the system is a total amount and not dam-specific which is why each 
dam’s information is identical.  Future models will consider a dam-specific case of demands, and as 
can be seen in the screenshot there are provisions for the simulation to handle this.  
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Figure 3: Main simulation screen of the Helps Road Drain system 

Simulation Modes 
The simulation can be run in one of three modes which can be selected through the Options menu: 

• Main simulation – detailed, where all components of the stormwater harvesting system are 
displayed on the screen (see Figure 3); 

• Main simulation – simple, where some components of the system are hidden from the main 
simulation screen; and 

• Comparison mode, which compares two identical systems but each with different initial 
volumes of water in the dams. 

  
One purpose of the Comparison mode output is to demonstrate that the system converges to a 
stochastic limit. That is, a system that is empty in the beginning and a system that is full, when being 
subjected to the same conditions, will eventually reach the same state.  Figure 4 shows a partially 
converged system.  The features of the convergence include the time-scale for convergence and the 
characteristics of the steady state. The aim is to identify the parameters of the system that influence 
these, such as inflow rates, pumping rates, daily demand, harvest volumes and detention volumes.  
These issues are taken up in more detail in Thomas et al (2007). 

Parameters 
As mentioned above, the user has the ability to change various parameters of the stormwater 
harvesting system and simulation.  Parameters that are able to be modified include the detention 
volumes (capacities) of the dams, harvest volumes, harvest rates, initial volumes of water in the dams, 
starting date of the simulation, and distributions of runoff to enter the first dam.  Water managers may 
enter the parameter values they desire and then run a simulation to observe how the system may 
handle certain events.  

Summary Statistics Display 
The simulation tool also provides a detailed statistical summary of many of the components of the 
system.  These may be viewed by clicking on the button labelled STATS.  The general statistics tab 
displays a summary of totals and averages of the simulation (see Figure 5).  These details provide 
useful insight to water managers about the performance of the system under certain conditions. 
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Figure 4: Comparison mode screen 

Figure 5: Summary statistics output 

Risk Assessment 
The effectiveness of various system configurations and water management policies for stormwater 
harvesting systems under certain rainfall scenarios, such as extended dry periods and flood events, 
are also evaluated using the risk measure Conditional Value-at-Risk (CVaR).  CVaR is a measure for 
determining the risk associated with a stochastic model’s performance, and is defined by the expected 
value of loss given that some actual loss exceeds some significant Value-at-Risk (VaR) threshold 
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(Rockafellar and Uryasev, 2000).  The CVaR risk measure is calculated for various policies by costing 
long-term simulations of the systems.  This is done by collecting data on a specific criterion (supply 
shortfall, for example) and this information is displayed in a histogram.  The user then sets the 
probability of an event p  such that }Pr{ VaRXp >=  and hence the VaR threshold is calculated from 
the observed distribution (or vice-versa).  The CVaR is then the average of all the observed values 
that are greater than the VaR.  The calculations are displayed in a separate tab and may be used for 
risk assessment and planning to meet future demands. 

The STATS feature is a work in progress, but there is scope to include statistics of each dam’s volume 
and supply rates, the details of each reach, information on the rainfall and the runoff produced, the 
movement of water in and out of the aquifers, and even graphical outputs of these. 

Results 
One of the key outputs of the simulation tool is measuring the effectiveness of a stormwater harvesting 
system’s performance in regards to certain criteria.  One performance indicator is a system’s ability to 
meet contracted supply to consumers.  If there is insufficient stormwater available in the system to 
satisfy demand, then water must be purchased from elsewhere to cover the shortfall, and usually at a 
significant cost.  Also, the City of Salisbury would like to sell as much stormwater as possible without 
risking under-supply.  Thus, it is desirable to configure a system in order to minimise the likelihood of 
this shortfall, and hence to minimise cost. 

The following example demonstrates the ability of the SVG simulation tool to evaluate the 
performance of an urban stormwater harvesting system in satisfying contracted supply.  Consider a 
system with inflows into the first dam and total demand from the system according to the distributions 
shown in Figure 6.  These are periodic distributions where the average daily inflow to the system is 
equal to the average total daily demand from the system, thus representing a sustainable system.  
The physical parameters of the system are defined as in the example shown in the screenshot of the 
main simulation screen in Figure 3, initially without any water in the system. 

Figure 6: Distributions of inflow and demand of the example 

The simulation was run over a time horizon of 150 days with the VaR set at 2 units of water, an 
example value that might be considered an unacceptable level of shortfall.  Thus, the probability of the 
shortfall being greater than this unacceptable level was 16.7%, with a CVaR of 3.68 units of water.  
The simulation output is displayed in Figure 7 and shows the observed distribution of daily supply 
shortfall of the system. 
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Figure 7: Graphical summary output for Conditional Value-at-Risk 

The weir-heights of each dam were then doubled and the simulation was run again over the same 
time horizon.  The second system was subjected to the same inflow and demand distribution, yielding 
a probability of 30% for the VaR of 2 units of water.  The CVaR was 3.74 units when the supply 
shortfall was greater than the VaR.  The output is displayed in Figure 8. 

Figure 8: Conditional Value-at-Risk for larger weir heights 
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These results show that the CVaR’s are similar in both cases, but the probabilities of these occurring 
are rather different.  This means that when the weir heights were larger there was a greater chance 
that the shortfall would exceed the unacceptable level of shortfall.  A possible explanation for this may 
be because when the weir heights are large there is less opportunity for water to spill over the levees 
and flow to the downstream dams and hence less water may be harvested.  This means that there is 
less water available to be pumped out of the system in order to satisfy contracted supply. 

Further analysis may be undertaken to examine how the system performs under a range of rainfall 
scenarios such as extended dry periods or even a flood event.  Other risk assessment criteria include 
the ability for the system to handle a flood situation, to minimise overflow, and to minimise the cost of 
covering the supply shortfall. 

Of course there are limitations in this example due to the mathematical model considering instant 
transfers between the dams (no time delays), however it demonstrates the potential for the simulation 
tool to be applied to a specific urban stormwater harvesting system given a set of model parameters.  
The example also illustrates the abilities of the simulation tool and some of the concepts it applies.

Conclusion 
The SVG simulation tool may be used to analyse the current operations of urban stormwater 
harvesting systems consisting of five inline dams together with an ASR system, simply within a web-
browser.  The tool is also useful in gaining insight as to how a proposed system configuration or 
management policy may perform under certain simulated conditions with various outputs of observed 
statistics.  Risk assessment may be performed to evaluate the effectiveness of a system’s setup by 
calculating the Value-at-Risk and the Conditional Value-at-Risk of particular criteria. 

The current mathematical model of the system is quite limited, but there is scope to include many 
other features such as limits on the capacities of the dams to analyse overflow, extra inflows to each 
dam during heavy rainfalls, any losses due to evapotranspiration, and the case of dam-specific 
demand for stormwater. The most important additions would be to incorporate real water input events 
and time delays taken for water to flow out of one dam, through an open channel and into the 
downstream dam. 

Although this a prototype simulation tool with the aim of being applied to the Helps Road Drain system 
in the City of Salisbury, the model may be modified and applied to other similar urban stormwater 
harvesting systems, both locally and nationally. 
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Appendix 
Torricelli’s law describes the movement of water in a tank under gravitational draining (Edwards and 
Penney, 2000; Giles, 1983).  Consider a tank of water with an opening at the bottom through which 
water drains under gravity.  Let )(tV  denote the volume of water in the tank at time t , and )(ty  the 
depth of the water (see Figure 9). 

Figure 9: Water draining out of a tank 

Then, Torricelli’s law implies that the time rate of change of the volume of water in the tank is 
proportional to the square root of the depth of the water in the tank.  That is, 

,yk
dt

dV
−= (1) 

where k  is a constant. 

Let )(yA  denote the horizontal cross-sectional area of the tank at depth y , then we have 
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By the chain rule it follows that 
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Therefore Torricelli’s law in equation (1) can be rewritten as 
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