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a b s t r a c t

Overflows from sanitary sewers during wet weather, which occur when the hydraulic

capacity of the sewer system is exceeded, are considered a potential threat to the ecological

and public health of the waterways which receive these overflows. As a result, water

retailers in Australia and internationally commit significant resources to manage and abate

sewer overflows. However, whilst some studies have contributed to an increased under-

standing of the impacts and risks associated with these events, they are relatively few in

number and there still is a general lack of knowledge in this area. A Bayesian network

model to assess the public health risk associated with wet weather sewer overflows is

presented in this paper. The Bayesian network approach is shown to provide significant

benefits in the assessment of public health risks associated with wet weather sewer

overflows. In particular, the ability for the model to account for the uncertainty inherent in

sewer overflow events and subsequent impacts through the use of probabilities is a valu-

able function. In addition, the paper highlights the benefits of the probabilistic inference

function of the Bayesian network in prioritising management options to minimise public

health risks associated with sewer overflows.

ª 2012 Published by Elsevier Ltd.
1. Introduction The water industry in Australia and internationally
Overflows from sanitary sewers during wet weather occur

when the sewerage system is overloaded due to entry of

rainfall into sewers via inflow and infiltration. Designated

sewer overflow structures, commonly called emergency relief

structures (ERSs), are built into sewerage systems to enable

discharge of overflows into receiving waterways. ERSs aim to

prevent the human health effects associated with sewers

backing up into private properties. However, owing to the

many harmful contaminants present in sewage, the implica-

tions for human and environmental health from wet weather

sewer overflows discharging into waterways are significant.
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currently invests significant resources in the management of

wet weather sewer overflows. However, to date there have

been few studies into the ecological and public health risks or

impacts from wet weather sanitary sewer overflows.

Furthermore, studies were often based on broad or very

specific characteristics making it more difficult to apply the

findings to a specific site, event or catchment (Bickford et al.,

1999; Pollard et al., 2005; USEPA, 2004).

To improve its management of sewer overflows, it is

important that the water industry is able to assess the human

health and environmental impacts of wet weather sewer

overflows. This paper presents a Bayesian network (BN)model
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which has been developed to identify the public health risks

associated with microbiological contaminants as a result of

wet weather sewer overflows discharging into an urban

waterway. The paper aims to demonstrate the applicability of

the BN model in assessing risks from wet weather sewer

overflow. Furthermore, the ability of the BN to enhance

responsible authorities’ decision-making processes with

regard to the management of these overflows is shown.

Initial risk screening results in earlier stages of the

research, as well as other sources (Bickford et al., 1999; Lord

and Associates Pty Ltd, 1997; Pollard et al., 2005), revealed

that sewer overflowposed a low risk to the receivingwaterway

for most ecosystem health and metal contaminants. On the

other hand, the initial risk screening process of the present

research and other studies (Lord and Associates Pty Ltd, 1997;

Pollard et al., 2005; USEPA, 2004) found that sanitary sewer

overflows pose a public health threat and adversely affect

recreational amenity due to microbiological contaminants.

Therefore, the BN focused on the public health risk rather than

ecological risk associated with sewer overflow events.

The paper includes an overview of the model construction

process. This is followed by an evaluation of the model,

including sensitivity analysis and expert review. The public

health risk outcomes from the model are then discussed for

a case study site. Finally, through the application of probabi-

listic inference, different situations or scenarios are explored

using the BN model (referred to as scenario analysis), with

a particular focus on determining the effectiveness of sewer

overflow abatement in the reduction of public health risks.
2. Bayesian networks

BNs were originally developed through research into the area

of artificial intelligence concerned with reasoning under

uncertainty, and were later adapted for use in other areas

such as engineering, medicine and information technology

(Hart and Pollino, 2009; Jensen and Nielsen, 2007). More

recently, they have been used in the environmental area

including for ecological risk assessments (Hart and Pollino,

2009; Henderson et al., 2008).

In essence BNs are graphical models which represent

causal relationships between variables in a system and allow

reasoning about an uncertain domain through the use of

probability theory. Probabilities are used to express values of

variables and also relationships between variables within

a system. Nodes represent important variables within the

domain or system, which are connected via a set of directed

arcs or arrows, thus representing direct dependencies

between variables. A variable is described as a parent of

a child node if there is an arrow from the former to the latter

(Korb and Nicholson, 2004). The strength of these causal links

is represented as conditional probabilities (Korb and

Nicholson, 2004). A marginal probability distribution is used

to describe a variable which has no parent, as unlike a child

node its probability is not conditional upon another variable.

There is much variability in the characteristics of wet

weather sewer overflows and receiving waterways, thus rep-

resenting a major source of uncertainty in determining the

impacts or risks from these events. For instance, the duration,
frequency and strength of the discharge, load of contami-

nants, receiving waterway characteristics, waterway usage

and in-sewer processes such as sediment accumulation, may

contribute to a variation in impacts between overflows sites

and events (Gromaire et al., 2001; Hall et al., 1998; Iannuzzi

et al., 1997; Pollard et al., 2005; USEPA, 2004). Therefore, the

ability for BNs to account for uncertainty through the use of

probabilities makes it a useful tool in assessing impacts from

wet weather sewer overflows.

The variability in wet weather sewer overflow events and

hence the subsequent impacts make it difficult for water

retailers or responsible authorities to extrapolate findings

from existing studies to their own unique situations. Through

probabilistic inference BNs can be used to examine various

scenarios (termed scenario analysis) where risk outcomes for

a system are updated or changed based on the characteristics

of each overflow event. Thus scenario analysis makes the BN

approach more applicable for a particular sewer overflow

event or site. Furthermore, scenario analysis allows the

interaction between the different nodes to be determined. For

instance, in this paper scenario analysis is used to provide an

indication of how variables will impact on or influence public

health risk outcomes. This provides insight into the effec-

tiveness of sewer overflow abatement, which is an example of

a typical sewer overflowmanagement option, in reducing risk

outcomes.
3. Case study

A BN model was developed for a case study site; the Five Mile

Creek (FMC) sewerage catchment. The FMC catchment is

located in a predominantly residential urban area in the

north-western suburbs of Melbourne, Australia. Three ERSs

overflow into the FMC stormwater drain, which discharges to

the lower section of the Moonee Ponds Creek (MPC). The FMC

site was a good representation of a typical sewerage catch-

ment containing sewer overflow structures in the service area

of City West Water (a water retail company in Melbourne).

Including both the demographics of the area which is

primarily residential, and the nature of the receiving

waterway, which is a typical degraded urban drain.
4. Developing the Bayesian network model
structure

The first step in building the BN model structure was to

identify the important variables within the system and the

relationships (dependencies) between them. The BN structure

developed for the present study is shown in Fig. 1.

There are two distinct groups of variables included in the

BN model in Fig. 1 as follows:

� Waterway values. These include the public health values of

the waterway that are protected and may be threatened by

the wet weather sewer overflow. These values act as the

assessment endpoints in the model and the risk to these

values from sewer overflow and associated hazards was

determined.

http://dx.doi.org/10.1016/j.watres.2012.03.044
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Fig. 1 e Schematic diagram of the Bayesian network causal

structure.
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� Threats to the waterway values. As the name suggests,

these variables pose a public health threat to the waterway

values.
4.1. Identifying the waterway values

Five beneficial uses or waterway values identified in the State

Environment Protection Policy,Waters of Victoria (SEPP (WoV,

2003)) and the Port Phillip and Westernport Regional River

Health Strategy (RRHS) (Melbourne Water and Port Phillip and

Westernport CMA, 2006), considered relevant to human

health risks associatedwith using thewaterway followingwet

weather sewer overflows were included in the BN model as

shown in Fig. 1. These five waterway values are listed and

defined below.

� Primary recreation (PR): This term refers to ‘recreational

activity where the whole body or the face and trunk are

frequently immersed or the face is frequently made wet by

spray (e.g. swimming, diving, surfing, whitewater canoeing)’

(WHO, 2003)

� Secondary recreation (SR): This is defined as an ‘activity in

which only the limbs are regularly wet and in which greater

contact is unusual (e.g. boating, fishing, wading)’ (WHO,

2003). This waterway value excludes commercial fishing.

� Irrigation of human food crops (unrestricted) (HFCs): This

includes irrigation of all food crop types including raw

human food crops in direct contact with irrigation water

with no on-site restrictions placed on application or human

access.

� Irrigation of municipal spaces (unrestricted) (MS): This includes

irrigation of sports fields, open spaces, parks and

gardens, golf courses and dust suppression systems. There

is unrestricted public access and application (e.g. use of

sprays).

� Irrigation of non-food crops (restricted access) (NHFCs): This

includes irrigation of turf, trees and flowers with restricted
application such as drip irrigation and no access or

restricted public access.
4.2. Identifying the threats to waterway values

The variables which represent the threats to the waterway

values shown in Fig. 1 are as follows:

� Wet weather sewer overflow

� Raw sewage concentration

� In-stream Escherichia coli

� In-stream enterococci

� Waterway use (for each of the five waterway values)

including PR, SR, MS, HFCs, and NFCs.

To identify the threats to the waterway values and the

relationships between the variables for inclusion in the BN

model in Fig. 1, principles of risk analysis were drawn upon.

This included health effect assessment techniques such as

quantitative microbial risk assessment (QMRA).

Variableswere identified on the premise that for there to be

a health risk, there first needs to be a wet weather sewer

overflow (the first node), followed by a certain level of path-

ogens in the waterway as a result of the overflow which is

represented by in-stream E. coli and enterococci nodes.

Finally, a person needs to be exposed to the pathogens, which

is represented by the waterway use nodes. The frequency of

wet weather sewer overflow events, which typically occur

sporadically, is also a critical in establishing human contact

with contaminated waters. The raw sewage concentration

measured in the sewerage catchment was used as part of

a water quality model to predict E. coli and enterococci

concentrations. Hence, this variable has also been included in

the model as a critical element in influencing in-stream

concentrations.

Rather than a measure of the hazards or pathogens

themselves, faecal indicators (FIs) including E. coli and

enterococci are used in the BN model in Fig. 1. Through

epidemiological and QMRA methods, quantitative relation-

ships have been established between FI levels and human

health risks for certain uses (e.g. Kay et al., 1994). On this basis,

guideline values for microbial water quality are set at levels at

which no adverse health effects are expected or which satisfy

some other tolerable risk level. Therefore, in using the rele-

vant microbial water quality guidelines, the concentration of

E. coli and enterococci can assist in determining whether

adverse health effects will occur from the hazards or patho-

gens present in the waterway as a result of sewer overflow.

Typically pathogens are not routinely measured in receiving

waterways. Therefore, the use of FIs makes the model more

accessible for water retail companies and other responsible

authorities.

For SR and irrigation-related waterway values, water

quality objectives (ANZECC and ARMCANZ, 2000; NRMMC

et al., 2006; WHO, 2006a,b) refer to E. coli. Hence, an arc from

the in-stream E. coli node to each of these four waterway

values is shown in the BN, representing the influence of E. coli

concentrations on the risk to these values. The microbial

water quality guidelines for PR (NHMRC, 2008) refer to

http://dx.doi.org/10.1016/j.watres.2012.03.044
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enterococci rather than E. coli. Therefore, an arc from the in-

stream enterococci node rather than the E. coli node to PR is

incorporated in the BN.
5. Assigning states and prior probabilities to
model variables

To complete the BN when the conceptual framework of the

model was established, each variable was assigned states

which represent values that the variable can take which are

mutually exclusive and exhaustive. A brief description of the

variables states is set out below in Table 1.

For each state, a probability that the node will take that

particular state was assigned. Both subjective data, such as

expert opinion, and quantitative data can be used to express

probabilities in the BN system and at the same time

acknowledge the uncertainty of the data. Quantitative data

were used to determine the probability of the wet weather

sewer overflow, raw sewage and in-stream E. coli and

enterococci nodes being in each of their various states.
Table 1 e States assigned to each of the variables in the BN an

Variable Output states

Wet weather

sewer overflow

1 year (average recurrence

interval (ARI))

5-year (ARI)

10-year (ARI)

Raw sewage

concentration

Worst-case

Best-case

In-stream E. coli <1 orgs/100 ml

1e100 orgs/100 ml

101e1000 orgs/100 ml

1001 to 10,000 orgs/100 ml

10,001e105 orgs/100 ml

In-stream enterococci <41 orgs/100 ml

41e200 orgs/100 ml

201e500 orgs/100 ml

>500 orgs/100 ml

Waterway use Almost certain

Likely

Chances about even

Unlikely

Remote

Waterway values Low

Medium

High
Sewer overflow data collated from measured sewer over-

flows and hydraulic modelling of the FMC Sewerage Catch-

ment (City West Water, 2005) was used to determine the

frequency of sewer overflow. Further information on the

hydraulic model, which was developed and calibrated by

City West Water can be found in City West Water (2005). A

probability distribution of the in-stream FI concentrations

for each combination of the parent variable states was

generated from a range of predicted MPC concentrations.

Further information on the steady state mass balance model,

which was developed to predict concentrations in the

waterway following wet weather sewer overflow can be

found in Goulding (2011).

Probabilities of the remaining nodes in Table 1 being in

each of their states were derived from expert opinion,

including surveys of experts and information from the

scientific literature. For instance, the probability of

waterway use was derived primarily from a rating score in

the RRHS (Melbourne Water and Port Phillip and

Westernport CMA, 2006), which reflected the likelihood of

using the waterway for each of these values. This score was
d a description of these states.

Description of output states

Three storm frequencies in which a wet weather

sewer overflow from the FMC sewerage catchment

could result. The SEPP (WoV, 2003) requires

sewerage systems to contain sewer flows associated

with rain events with a 5-year ARI. Therefore,

wet weather sewer overflow events, which occur in

storms with ARIs above (10 years) and below

(1 and 5 years) the SEPP (WHO, 2003) benchmark,

were investigated.

The best and worst-case concentrations are represented

by the 5th and 95thPCL of the raw sewage

concentration data respectively (used to predict

concentrations in the waterway)

Concentrations of E. coli in the waterway.

Each concentration sub-range is associated with a

different degree or severity of human health effects

or consequences should exposure occur.

Concentrations of enterococci in the waterway.

Each concentration sub-range is associated with

a different degree or severity of human health

effects or consequences should exposure occur.

Words which are commonly used to approximate

numerical probability and in this case refer to the

probability of the public using the waterway for

each of the different types of uses or waterway values.

Descriptive expression of the health risk to the public

associated with using the MPC for these purposes

(waterway values).Risk is essentially defined as a

combination of the following factors:

� The likelihood of waterway users coming into contact

with a certain concentration of FIs (E. coli and enterococci)

as a result of wet weather sewer overflow and

� The severity of the health effects associated

with that particular concentration of FIs

should exposure or contact occur.

http://dx.doi.org/10.1016/j.watres.2012.03.044
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determined in consultation with a wide range of community

groups and stakeholders. Other information on river water

use for the MPC was also sourced, including Parks Victoria

visitor surveys for recreational purposes and Melbourne

Water’s diversion and fishing licences for agricultural and

fishing uses.

When the states for each of the variables discussed in the

sections above are inserted into the BN model in Fig. 1 with

the corresponding probabilities, the BN is complete. The

completed BN model represents the current conditions and

thus probability distribution for each variable at the study site

prior to any new information or evidence, and is therefore

referred to as the prior BN.
6. Model evaluation

When the BN construction process was completed, evaluation

of the model was undertaken. This included a structured

review of the model by experts at City West Water (in the

areas of environment, microbiology and hydraulic engi-

neering) and sensitivity analysis (specifically sensitivity to

evidence).

The review was conducted by undertaking a model walk

through, where the completed BN was presented to experts

for evaluation of all components of the model. This included

the graph structure (shown in Fig. 1), the variables and their

states (in Table 1) and probabilities. Furthermore, a set of

scenarioswas used to test the behaviour of thewhole BN, with

particular focus on the prediction of risk outcomes for the

different waterway values. Based on feedback from the expert

review, some changes were made to the BN structure, but

overall the feedback was positive.

Following expert evaluation, sensitivity analysis was

conducted to identify whether the five waterway value

variables (SR, MS, PR, HFCs and NFCs) are sensitive or

insensitive to all other variables in the BN shown in Fig. 1.

The nodes in the prior BN were ranked based on their

importance in terms of their influence on the level of risk to

the five waterway values. This enables identification of any

errors in the network structure and also provides guidance

on where data collection should be focused. The sensitivity

of the various nodes is measured by entropy reduction which

is described in Korb and Nicholson (2004: p. 265) as‘

.a common measure of how much uncertainty is repre-

sented in a probability mass’. Further information on

entropy reduction including the equation can be found in

Korb and Nicholson (2004).

In general, the dependencies shown in the prior BN struc-

ture as highlighted by the results of the sensitivity analysis

indicated that the network behaves as it should. For all but

primary recreation, the waterway use node has the highest

influence of all the evidence variables or nodes on the risk to

waterway values. The enterococci node has the highest

influence on the risk outcomes for primary recreation.

Therefore, to reduce the uncertainty in the risk outcomes

from the BN model, further data collection at the study site

should be targeted to in-stream enterococci concentrations

and the probability of waterway use.
7. Results and discussion

Following evaluation of the model, an analysis of risk

outcomes from the BN model was undertaken. This section

presents the prior probability distribution of the public health

risk to each of the five waterway values in the BN in Fig. 1,

associatedwith awetweather sewer overflow at the study site

based upon the current knowledge of the site.

Rather than assigning a low, high or medium level of risk,

the BN provides a probability distribution for the risk posed to

each waterway value. The level of risk with the highest

probability provides the best indication of the risk to the

waterway values, as it is the most likely outcome. The prob-

ability that the riskwill not be in the risk category or level with

the highest probability provides a measure of the uncertainty

in assigning this predominant level of risk.

Fig. 2 shows that based upon the current knowledge of the

study site, a medium risk to PR, HFCs and MS is most likely. A

low risk to NFCs and SR has the highest probability and

therefore provides the best indication of the level of risk to

these two waterway values. Both SR and particularly NFCs

requiremuch higher levels of FIs (E. coli) to produce significant

consequences or health effects (ANZECC and ARMCANZ, 2000;

WHO, 2006a,b). This is due to a lower level of contact or

exposure that will occur for these uses (refer to Section 4.1 for

a description of these waterway values). Therefore, it is ex-

pected that the risk posed to SR and NFCswould be lower than

those where a higher level of contact will occur, such as for

MS, PR and HFCs.

The low probability of high-risk outcomes for all of the

waterway values at the study site is largely due to a low

probability of the waterway being used for any of these

purposes. Therefore, it is important that other variables such

as in-stream FI concentration and waterway use, rather than

the frequency of wet weather sewer overflow alone, be

considered in assessing the public health risk from these

events.
7.1. Posterior risk outcomes for waterway values based
on scenario analysis

When new evidence or information is entered in the network,

the prior probabilities are updated and the BN calculates

a posterior probability distribution by the application of Bayes’

Theorem (derived by the Reverend Thomas Bayes and first

published posthumously in 1764). This is referred to as belief

updating or probabilistic inference, and is one of the impor-

tant functions of the BN.

In this section various findings are entered for the wet

weather sewer overflow variable to discover how the proba-

bility of risk outcomes in the prior BN, presented in Fig. 2,

change based on this new evidence entered into the BN. In this

instance, evidence refers to a definite finding that the wet

weather sewer overflow node has a particular value, or in

other words, there is a finding of 100% probability that the wet

weather sewer overflow node will be in one particular state.

Particular attention is paid to how effective the sewer over-

flow management option of sewer overflow abatement is in

reducing the risk to waterway values at the study site.

http://dx.doi.org/10.1016/j.watres.2012.03.044
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7.1.1. Findings at the wet weather sewer overflow node
Fig. 3 shows the difference in the level of risk to waterway

values which would result if different findings (100% proba-

bility) are entered for the wet weather sewer overflow node

into the prior BN model. A finding of 1, 5 and 10 years is

entered into the BN model, indicating that wet weather sewer

overflow will result from storms with ARIs of 1, 5 or 10 years.

Overall Fig. 3 shows there will be only a small reduction in

risk if the sewer overflow frequency is abated in this study

catchment. In fact the same level of risk posed to most

waterway values predominated, whether wet weather over-

flow occurred as a result of storms with 1-, 5- or 10-year ARIs

or based on the current conditions (prior probability of an

overflow occurring) at the study site. Therefore, there would

be almost no benefit in reducing risk outcomes to waterway

values by upgrading the capacity of the sewer system at the

study site to comply with the SEPP (WoV, 2003) 1 in 5-year

sewer flow containment standard. This was largely due to the

probability of waterway use being low at the study site, which

meant that the likelihood of waterway users coming into

contact with contaminated waters remained low, regardless

of the frequency of sewer overflow.

Urban streamswhich receive sewer overflow in and around

Melbourne are often fairly degraded and therefore not heavily

used. Hence, the conditions seen at the study site are typical of

those at other sites of wet weather overflows in urban streams

in theMelbourne area. Therefore, it is likely that the 1 in 5-year
sewer flow containment standard will achieve little reduction

in risk at other sewerage catchments in and around Mel-

bourne. Therefore, further studies of the public health benefits

of achieving the 1 in 5-year sewer flow containment require-

ment should be undertaken, particularly in catchments where

conditions are similar to those of the study site.

On the other hand, where there is a high probability of

waterway use at a site or there is a push for a greater degree of

use, abatement of sewer overflow frequency may play an

important role in reducing risk outcomes. An example of this

can be seen in Goulding et al. (2011), which presented BN risk

outcomes for a ‘worst-case’ site where there was a high

probability of waterway use. Findings revealed that sewer

overflow abatement would be an effective method to signifi-

cantly reduce the risk to waterway values at worst-case sites

(Goulding et al., 2011).

Risk outcomes at the study site based on wet weather

sewer overflow occurring as a result of a 10- and 5-year storm

were almost identical. This highlights some insensitivity in

the approach used to assign the risk levels (qualitative risk

ranking method). However, it also points to the insignificance

of the difference between the likelihood of contact with

contaminants and therefore risk from wet weather sewer

overflow arising from 5- and 10-year events at the study site.

Goulding (2011) provides other examples where the BN

model is used to determine the reduction in risk afforded by

other management options. The management options

http://dx.doi.org/10.1016/j.watres.2012.03.044
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Fig. 3 e Probability of risk to each of the waterway values based on various findings at the wet weather sewer overflow

node.
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investigated included restricting waterway use or access and

reducing in-stream E. coli and enterococci concentrations,

which would most likely occur through treatment of the

sewer overflow (Goulding, 2011). Key findings showed that

a reduction in in-stream FI concentrations would significantly

reduce the risk to PR, MS and HFCs at the study site. On the

other hand, restricting waterway access would have little

benefit in terms of reducing the level of public health risk to

any of the waterway values. The results presented in this

paper relating to sewer overflow abatement and in Goulding

(2011) show that the BN is able to provide a clear indication

of the reduction in risk associated with various sewer over-

flow management options. Thus, the BN will be useful to

responsible authorities in prioritising management options to

minimise public health risks from sewer overflow.
8. Further development of the model

The model could be developed further to include a decision

and utility function thus allowing other issues besides public

health risk, such as cost, and other social or environmental

considerations important to responsible authorities, to be
incorporated into the decision-making process in managing

sewer overflows. These were beyond the scope of the present

study. In addition, a degree of uncertainty in the risk level

assigned could be provided, rather than assigning a deter-

ministic level through risk ranking methods. This will

increase the sensitivity of the BN model to very small differ-

ences in risk that may result from different scenarios, and in

particular from wet weather sewer overflows occurring as

a result of 5- and 10-year events. Finally, to reduce the

uncertainty in the risk outcomes from the BN model, further

data collection could be undertaken. This could include col-

lecting measured concentration data in the waterway

following sewer overflow, rather than relying solely on pre-

dicted levels, which have been used in this research.

Furthermore, surveys of waterway use could be conducted,

rather than relying on more generic information, which was

used in this study.
9. Conclusions

Wet weather sewer overflows from sanitary sewers are

considered a potential threat to the ecological and public

http://dx.doi.org/10.1016/j.watres.2012.03.044
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health of the waterways which receive these overflows. A

Bayesian network model was developed, which was able to

add to existing knowledge of the impacts of wet weather

sewer overflow, through an assessment of the public health

risks arising from such events. The ability of the model to

account for the uncertainty inherent in sewer overflow events

and subsequent impacts emphasizes the usefulness of this

tool in determining risks associated with wet weather sewer

overflows.

Through the application of probabilistic inference, the

Bayesian network model allowed the effectiveness of various

sewer overflow management options in reducing the public

health risk to be determined. Thus indicating that the

Bayesian network approach will be useful to water retail

companies and other responsible authorities in prioritising

management options to minimise public health risks from

sewer overflow. Therefore, further development of the

Bayesian network approach in the assessment of sewer

overflows will improve our understanding of the impacts of

and ways to best manage these events.
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