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Abstract 
Ecological thresholds are often used in environmental protection regulations, particularly in the context of pollution control to prevent ecosystem damage. One example of threshold-based regulation is the Fundamental Intermittent Standards used in the UK to define if environmental harm has been caused by intermittent sewer overflow discharges. The thesis explores the impact of predictive uncertainty and risk appetite plays in understand weather and the extent of environmental harm has occurred. This thesis concludes that as both data and parameter uncertainty, as well as risk appetite, can alter the final dissolved oxygen and unionised ammonia Fundamental Intermittent Standards exceedance count and therefore can alter one's understanding of whether environmental harm has occurred. It also concluded that sensitivity to uncertainty and risk is location dependent. A new term was created called Parameter Threshold Ratio (PTR) to investigate the extent to which measured water quality concentration interacted with the regulatory threshold at different locations, which can be used to engage with stakeholders around the abstract concepts of uncertainty and risk. Interviews were conducted with practitioners in the UK to understand the role uncertainty and risk plays in the decision process when assessing for and building solutions to counteract environmental harm caused by storm overflows. It was concluded that industry is risk-averse, favouring to over-design solutions, and that it is currently operating opaque manner where this risk-aversion is not discussed with regulators or documented. The impact of uncertainty and risk appetite is believed to be important because not only does it have consequences for regulating sector, but also economic implications such as sensor selection, maintenance regimes and the size and choice of solutions. The largest economic impact of uncertainty and risk is around the decision whether environmental harm has occurred, and therefore whether a solution is required to be designed and implemented. 
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Chapter 1:  Introduction
Water quality is a holistic term, which encompasses the physical, chemical and biological state of waterbodies in relation to their designated use (Giri, 2021). The use of waterbodies can be varied, for instance from providing biodiversity, ecosystem services, providing recreational facilities, as a drinking water source and a pollutant receptor. When the physical, chemical or biological status of the water does not match with the level required for its designated use it is described as impaired and should be deemed of need to restore its quality status (Giri, 2021). This follows the thinking associated with the Water Framework Directive (WFD) (EU, 2000), an EU directive implemented in the year 2000. The aim of the WFD was to reverse the damage of pollution from the late 19th and 20th century on the ecology of waterbodies and maintain that improvement across Europe. It promoted the thinking that the minimum standard of water quality of rivers should be equitable to pre-anthropogenic conditions in the river. It established the classifications of ‘good chemical and ecological’ status, dividing all waterbodies into two categories; those that achieved ‘good chemical and ecological’ status’ and those that do not. 
Ecological thresholds are defined as the system condition at which a relatively small disturbance from external pressures causes rapid change in an ecosystem (Groffman et al., 2006). They represent the situation in which a non-linearity of response is experienced by the ecosystem. Sometimes, once a threshold is surpassed the ecosystem may no longer be able to return to its original state; for example, when organisms are killed or lose the ability to reproduce. Therefore, ecological thresholds are often used in standards set in environmental protection regulations, particularly in the context of pollution control with the aim to limit or prevent ecosystem damage.
As of 2025, 14% of rivers in the UK achieve ‘good ecological status’ (DEFRA, 2025a), a figure which has remained stagnant since 2009. There are many reasons why rivers fail to achieve ‘good ecological status’ including well established concepts like agricultural and industrial runoff, as well as emerging pollutants such as microplastics, PFAS and road runoff (EU, 2025). From the water industry perspective, it is the intermittent discharge of non-treated sewage into receiving waterbodies from storm overflows which is the major contributing factor, under their control, for the loss of ecological status. In the UK, similar to many other countries across Europe, North America and Asia, has a centralised sewer network with a combination of combined and separated urban drainage network, which carry wastewater from residential and commercial buildings with stormwater runoff in the same pipe to the wastewater treatment plant (WWTP) (Milieu, 2016).  Storm overflows are designated points in the system, where if the system is unable to cope with volume water its transporting, it discharges water into the local river to prevent flooding in more undesirable locations such as residential or commercial areas. They are passive systems, often designed using a weir or bypass conduit (Milieu, 2016). It should be noted that in both EU and UK legislation a ‘storm overflow’ (SO) particularly denotes the structure from which a combined sewer system discharges into surface water, this is also commonly known as a ‘combined sewer overflow’ structure. It is not to be confused with the outfalls from storm drainage systems (from separated systems).
Due to their passive nature, up until recently the extent of storm overflow discharges occurring, and their subsequent impact on the receiving water was unknowable. It relied on witnessing the event or consequences of the event such a dead fish, and inspections on the overflow pipe which may show signs of recent flows (Ministry of Housing and Local Government, 1970). Towards the end of the 20th century, this was improved upon by two major factors: firstly, with an increased academic understanding of the impacts of sewage on waterbodies’ ecological health and secondly with the use of progressively more complex sewer and river modelling, which could predict the likeliness of an event occurring under known, or predicted, conditions. The increased understanding of at what point harm occurs, allows standards to be created which relate back to the WFD understanding of water quality; defining the point at which external anthropogenic inputs (in this case the discharge of a storm overflow) alters the condition of the river. Modelling allowed those standards to be checked against. 
The issue in implementing this improvement was scale. There was not the computing power or financial capacity, in the 1990s and early 2000s to run these models informing on over 14,000 overflows and preform all the necessary improvements. Therefore, a very small proportion of overflows, thought to be possibly causing the most damage to the environment, had very expensive schemes implemented, and the majority of locations still relied on witnessing the event to understand their impact. 
This, however, is changing for England and Wales. It has become technologically feasible to produce an annual representation of water quality in a river solely from multi-location “continuous” water quality measurements. The cost of sensors, as well as transferring and storing the data, has over the last couple of decades significantly decreased in price. Nevertheless, the scale of monitoring needed, and installation and maintenance costs are often still prohibitive. However, because of a shift in legislation in England and Wales, it will be mandatory to monitor the receiving water quality in the watercourse receiving storm overflow discharges both up and down stream of all of virtually all storm overflows and treatment work outfalls by 2035. This changes the focus from assessing the impact at few locations to all locations.   
In adopting a new data-based approach to regulatory compliance, consideration must be made to data uncertainties. The sensors installed to measure water quality parameter concentration have uncertainty levels. There are differing sensor capabilities, with differing uncertainty levels. This can sometimes be reported as sensor accuracy which can be defined as the deviation from the measured sensor value to the true parameter value (ISO, 2009). It is impossible to eliminate all uncertainty, which must be considered when using collected water quality data, especially when assessing regulatory compliance. The Interim Technical Standard on the Continuous Water Quality Programme (DEFRA, 2024) sets out guidance on minimum sensor accuracy requirements, however, it does not provide justification to why these sensor accuracy requirements have been chosen. Currently implications of uncertainty on regulatory compliance are not know. 
It should be noted that modelling still has a vital role in achieving storm overflows compliance, especially during the design of solution to ensure the capability of protection against predicted future flows. For many countries modelling is still the primary way of assessing environmental regulation compliance (Milieu, 2016). The work in this thesis primarily focuses on the adoption of sensors for considering compliance, but much of it can also be applied to the use of models. 
Inherent to regulatory compliance is the fact that there must be a determination on whether or not the regulation has been adhered to. Usually there is one individual or organisation performing an action, and another ensuring compliance with the regulation. In the case of water quality regulation compliance of storm overflows, the water company who owns the asset is responsible for action of an intermittent discharge and it’s the role of the Environment Agency (EA) in England and Wales to determine the lawfulness of the discharge. However, there are other key actors that contribute to conversation around determining harm from storm overflows. These include the Department of Environment, Food and Rural Affairs (DEFRA) who sets the policies and guidance around storm overflows, and OFWAT the water sector’s financial regulatory authority who determine level of investment water companies can devote on mitigating storm overflows. Additionally, the public in the UK recently has had an increased interest in the matter, with several national news organisations disseminating the public’s disapproval of the occurrence of intermittent discharge from storm overflows. 
Whereas none of these three groups, DEFRA, OFWAT or the public, have the authority of the EA to classify particular assets, and by result the water company which owns the asset, as non-compliant, all can influence the risk appetite of both the water companies and the EA to allow assets to non-comply. Risk is a key influential component in the decision-making process (Haines, 2011) and thus in the strategic and operational management of water utilities (Pollard et al., 2008). 
	Overall aim of PhD 
	To build a risk-based framework and supporting tools that account for predictive uncertainty in the decision process associated with water quality compliance in the urban drainage sector. 

	
	

	Objective 1
	To assess whether uncertainty associated with monitored data can alter the assessment of environmental harm   

	
	

	
	Novelty
	The impacts of data and parameter uncertainty on FIS are currently unknown. 

	
	
	

	
	Research question
	1. The thesis aims to systematically quantify FIS compliance under data and parameter uncertainty and investigate whether or not conducting uncertainty analysis is necessary when assessing compliance with FIS.

	
	Location in Thesis
	Chapter 3.1- Paper title: Uncertainty in determining Fundamental Intermittent Standards exceedance counts for intermittent discharges 
First Author: Philippa Mohan (candidate). Co-authors: supervisory team 

	
	
	

	Objective 2 
	To assess the degree to which different risk appetite profiles, uncertainty associated with thresholds and seasonal variation associated with monitored data can alter the assessment of environmental harm   

	
	Novelty
	The impacts of risk profile uncertainty on FIS are currently unknown. The impact of uncertainty associated with the FIS threshold is currently unknown.  How seasonal variation interacts with sensitivity to uncertainty is currently unknown. 

	
	Research questions
	1. Can risk appetite alter the final FIS exceedance count? 
2. Can uncertainty which associated with the threshold impact the final FIS exceedance count? 
3. Can seasonal difference impact a locations sensitivity to uncertainty and risk appetite? 

	
	Location in Thesis
	Chapter 3.2

	
	
	

	Objective 3
	To develop a methodology to explore the relationship between the monitored or calculated parameter, thresholds, uncertainty and risk. 

	
	

	
	Novelty
	A new term called Parameter Threshold Ratio (PTR) was created. 

	
	
	

	
	Research questions
	1. Do different locations in a receiving water body show different sensitivity to monitoring uncertainty when considering the same regulatory thresholds?
2. To what extent does an individual’s or organisation’s approach to risk influence the observed uncertainty effects evidenced in the question above?
3. Can a more rational approach to monitoring uncertainty and deciding upon compliance risk lead to more robust environmental protection of receiving water bodies?


	
	Location in Thesis
	Chapter 4 - Paper titled: Understanding Water Quality Monitoring Uncertainty for Intermittent Spill Compliance
First Author: Philippa Mohan (candidate). Co-authors: supervisory team


	Objective 4 
	To consider how the understanding of uncertainty and risk appetite gained in objective 1, 2 and 3 impacts the decision process in industry. 

	
	

	
	Novelty
	There is one thesis that links predictive uncertainty to personal risk aversion in the water sector. That paper talked about risk profiles of a small number of individuals in Belgium, therefore the context of the UK in both the regulation and cultural context is novel. Any individual risk profiles set in the literature in the UK context is ascribed to the drinking water regulation not to UPM or SODRP studies. 

	
	
	

	
	Research questions
	1. To what extent does the urban drainage sector currently consider uncertainty and risk in water quality assessment and solution design?
2. How prepared is the water industry for the recent regulatory changes?
3. To what extent will the change in water quality regulation brought in by the Environment Act 2021, more specifically regarding the continuous open monitoring data, alter the urban drainage sector’s relationship with uncertainty and risk in water quality assessment and solution design?
4. To what extent does the role the regulators play influence the urban drainage sector’s approach to uncertainty and risk in water quality assessment and solution design?

	
	Location in Thesis
	Chapter 5 





Chapter 2:  Literature Review 
2.1 Water Quality 
The quality of water in natural watercourses gets impaired through the introduction of contaminants into the watercourses from both natural and anthropogenic sources. There are a considerable number of substances which could be considered as pollutants, including microbial, inorganic and organic compounds (Ahamed et al.,2020). However, the decision on whether the body of water is considered to be of a suitable quality is based on a relatively small number of substances, most notably Dissolved Oxygen (DO), Total Ammonia (TA) and Unionised Ammonia (UA). Due to the number of pollutants identified, there is much discussion in the literature about how to classify pollutants (see Herrero et al., 2015; Pham et al., 2011; Verhaar et al., 2000). More broadly the literature tends to clarify pollutant sources by point and non-point pollution. Point and non-point pollution describes the source and pathway of pollutants entering the watercourse (Fashchevskaya et al., 2018). Point pollution is when a pollutant source enters the waterbodies from a clearly identifiable and discrete location, such as a pipe or ditch (Ahn & Lyu, 2020). It can be intentional and generally consented such as a storm overflow discharge, or unintentional and unconsented such as runoff after a blast from a chemical factory. Whereas non-point pollution enters the waterbody through interaction with the catchment, such as land runoff or atmospheric deposition (Ahn & Lyu, 2020). It cannot be ascribed to a single point in space but has a continuous negative effect on the waterbody (Pan et al., 2021). Whereas the academic literature has shifted recently towards understanding non-point pollution, in practical terms point pollution is more readily monitored and therefore is more regulated due to its more tangible nature. Multiple papers cite better monitoring of nonpoint pollution as areas of future research (see Pan et al., 2021; Zhang, 2020; Djuwita et al., 2021).  
Runoff is a major transport vector of pollutants in the urban environment and therefore a significant contribution to the deterioration of receiving water quality (Burant et al., 2018). There are multiple sources within urban areas, such as anthropogenic activities, atmospheric deposition and from the material used in the built environment (see Almakki et al., 2019; Shajib et al., 2019; Yoo et al., 2021: Müller et al., 2020), which contribute to the pollution in runoff in the urban environment. In the built environment this runoff is often transported into the sewer network and transported to either a treatment plant or it enters the environment intermittently via a storm overflows. Operation of storm overflows can lead to diminished water quality standards in the receiving waterbody, through the sporadic and repeated discharge of high concentrations of organics, nutrients and other pollutant sources (Viviano et al., 2017; Marín et al., 2018). There is the potential for this effect to be exacerbated if current water use is maintained by the combined effects of more extreme weather events, as a result of climate change, and a potential increase in-sewage base flow occupies the sewer network, as a result of population increase (Mahaut & Andrieu, 2019).
3.2 Sewage systems
[bookmark: _Hlk201658881]The United Nations has the target of the availability and sustainable management of water and sanitation for all which incorporates the safe disposal of sewage and reduction of water pollution in its Sustainable Development Goal 6: Clean Water and Safe Sanitation (United Nations, 2025). Target 6.2 of Sustainable Development Goals specifically targets access to adequate and equitable sanitation and hygiene for all including the use of safely managed sanitation services. Target 6.3 of Sustainable Development Goals focuses on improving water quality by reducing pollution and halving the proportion of untreated wastewater. 
[bookmark: _Hlk201659332][bookmark: _Hlk201661095]Access to sewage collection services and systems still varies dramatically around the world (UN-Habitat, 2023). Many countries globally have centralised sewage systems. A centralised sewage system collects sewage at point of production, such as residential and commercial properties, and transports it via a pipe network to a Wastewater Treatment Plant (WWTP) for safe disposal. The basis of the pipe network can either be a combined or separated system. Combined systems convey sewage and surface water in the same pipe, whereas a separate system coney them in two different pipe networks. Globally combined system is more prevalent in older systems, with places like Hong Kong having primarily separated systems (Hong Kong’s Drainage Services Department, 2015). Separated systems are generally believed to have a lower risk of discharging untreated sewage into receiving waterways however De Toffol et al. (2007) concluded that separate sewer systems can discharge considerable pollutant loads. 
Part of a centralised approach to the sewage collection and transportation using a pipe network, is understanding the correct size of pipe required. Oversized sewer pipes can produce reduced or non-optimal flow velocity, which can cause solids to settle and create blockages (Camp, 1946). The issue lies in combined sewer system, the volume of flow is not consistent, as it depends on rainfall patterns. Therefore, the size of the pipe needs to ensure in dry weather conditions there is sufficient velocity to prevent settling, and that the system capacity is not exceeded in wet weather conditions. If the system capacity is exceeded, the contents of the pipe will discharge out the lowest available point, which may be into a residential or commercial building. Due to the health implications of stagnant sewage this is usually considered unacceptable. If this is deemed unacceptable, a structure, usually a weir can be placed in the pipe network redirecting excess flow into a receiving watercourse.  This structure is usually in the UK called a storm overflow (SO) but sometimes referred to a combined sewer overflow (CSO) or in American English, sanitary sewer overflow (SSO). For the purpose of this thesis, it will be referred to a storm overflow. 
2.3 Uncertainty  
2.3.1 Modelling 
Intrinsic to the modelling process is the concept of uncertainty (Moreno-Rodenas et al., 2019). Literature describes many sources of uncertainty in environmental modelling, many of which are non-linear and some of which cannot be accurately quantified leading to it often being ignored (Tscheikner-Gratl et al., 2019). Most of the uncertainties considered are inherent to the modelling process itself, by the choices and assumption used. Nevertheless there are also uncertainties surrounding how well we know the system. Known knowns are concepts that collectively as a society we are aware of and understand (Loxdale et al., 2016). In in the context of water quality modelling, a SOs is more likely to spill after a rainfall event, we can see this happen and we understand why this happens due to the base level of the system being higher. Unknown unknowns are things that we are not aware of, nor do we understand (Loxdale et al., 2016). Known unknowns are things we are aware of, but do not understand. For instance, we are aware climate change, population increase, and water saving techniques are all likely to affect spatial and temporal base level in the sewer network. However, we do not know how in ten years’ time the effect all three aspects will affect the number of SO spills. Many of these known unknown uncertainties are active areas of research (see Urich et al., 2013).  
The application of water quality models generally has been adopted without the thought as to the level of expected predictive uncertainty (Schellart et al., 2010). Thus, model uncertainty cannot be considered in investment decisions as it has not been quantified, and this may influence the outcome. Lempert et al. (2006) concluded that that the predictive probability distributions of an outcome of interest can be significantly wider than what the policy allows for, undermining the regulation procedure itself. ICMs include all types of uncertainty, both within models of sub-systems as well as in linking the models of subsystems together (Tscheikner-Gratl et al., 2019). Predictive uncertainty can become excessively large when combining hydraulic and water quality models with different spatial and temporal scales with insufficient attention to balance model complexity or objective (Moreno-Rodenas et al., 2017).  There is little literature on the propagation of uncertainties between sub-models when considering water quality prediction at a catchment scale. There is some consensus in the literature that sources of uncertainty can be generally categorised into three categories: model parameter and input data; calibration process; and the model structure (see Tscheikner-Gratl et al., 2019). However, it can sometimes be slightly categorised differently depending on the focus of the paper.  
2.3.2 Sensor 
Before recent technological advances and the “internet of things” allowing the fast transfer of data over large spatial scales, water quality data collection relied on infrequent site visits to collect discrete river water samples and bring these to an accredited laboratory for analysis. This meant that any data driven environmental harm assessment process was slow, expensive and reactive. Often coarse temporal time steps meant that the sampled data failed to reflect the environmental impact from intermittent polluting discharge events (Cristiano et al., 2017). It is now technologically feasible to produce an annual representation of water quality in a river solely from multi-location “continuous” water quality measurements.
Uncertainty associated with in river water quality data is primarily associated with manufacture actuary bandwidth and its acceptable range. Manufactured accuracy bandwidth refers to how close a sensor's output is to the true value, while acceptable range indicates the range of frequencies a sensor can accurately measure. Usually, these specifications are found in the documentation provided with acquisition of the sensor. How a particular sensor introduces uncertainty is dependent on methodology it used to detect the parameters. Below is summary of current methodology used to detect dissolved oxygen and ammonia. 
For the parameter of dissolved oxygen (DO), the general categories for sensor are optical and electrochemical (Wei et al., 2019). Optical sensors measure the interaction between oxygen and a luminescent dye. When exposed to blue light, electrons in the dye emit light, but if DO is present then the emitted light wavelength is altered. The concentration of DO is measured by its partial pressure, which is inversely proportional to luminescent lifetime of the dye (shown by the Sterm-Volmer equation) (Fondriest Environmental, 2014). This can be an example of the uncertainty associated with the sensor as this equation actually only applies to low DO concentrations. At high concentrations the measurement would be non-linear. Some sensors will counteract this uncertainty by also emitting red light for verification purposes, but not all sensors. Electrochemical DO sensors can be categorised further by polarographic, pulsed polo-graphic and galvanic (Wei et al., 2019). Nevertheless, they use two polarised electrodes in an electrolyte solution, separated from a sample by semi-permeable membrane. The DO diffuses at a rate proportional to the pressure of the oxygen in the membrane, which then allows the DO to be reduced and consumed by the cathode producing an electrical current directly related to the oxygen concentration. An uncertainty associated with electrochemical sensor is that the measurement is affected by hydrogen, sulphide and other gasses present in the sample. 
An example of a methodology used in ammonia sensor is the ammonium ion selective electrode (Li et al., 2020). The ammonia electrode uses hydrophobic gas-permeable membrane to separate the sample and solution from the electrode filling solution. Dissolved ammonia diffuses through the membrane until partial pressure of ammonia reaches an equilibrium state, which will be proportional to ammonia concentration. An example of uncertainty associated with the methodology include if the sample contains surfactants, such as in sewage, which wets the membrane, or the solution is nonaqueous the diffusion of ammonia may be prohibited so an equilibrium state is never achieved. Sensor drift due to mechanical wear is also prevalent in ammonia sensors. 
2.4 Risk 
Risk is normally understood to be the possibility of different outcomes due to attached uncertainty within a decision (Asadi et al., 2021). The deviation in effect can be positive or negative and take the form of multiple aspects of someone’s life, such as financial, health, professional or environmental (see Inekwe et al, 2018; Kriger, 2021; Garmashov et al., 2019; Li et al., 2021). It can also be applied at many different scales, such as strategic, organisational and individual. Within the commercial setting, risk is monitored and control though the implantation of management techniques to mitigate risk (Pym & Matsushita, 2018). For instance they may strictly follow regulation and standard of good practice, in order to avoid financial penalties or reputational damage. However, when risk management is carried out correctly it should also identify opportunities, where the business can act in itself and customers best interest. But the idea of risk is more than there simply being the possibility of multiple outcomes, it is the emotional attachment, either positive or negative, to certain outcomes (Asadi et al., 2021). It is the consequence or change in circumstance of the outcomes to yourself or others, which is normally vital to determining this emotional attachment. As the emotional attachment is personal, different people view risk differently. Those who are more accepting of risk are risk-seeking, but those who prefer to view risk negatively, are risk averse (Chan et al., 2020). This is dependent of their risk appetite and tolerance level. It is believed that the water sector, due to strict regulation and financial penalties would be risk averse. However, most of the research is when the risk with associating changing quality of water affecting drinking water standards (see Pollard et al., 2008) not natural environment standards. Posing a question if the water industry is more excepting of risk in different settings.  
In England the water utilities have a privatised funding model, which gives them access to capital through shareholders, access to capital markets and charging customers (Rachwal, 2007). 
Privatisation theory (Boycko & Shleifer, 1996) proposes that private sector work is enhanced by the introduction of competition. However, Cubbin & Stern (2004), emphasized that in utilities such as water where geographical monopolies exist it is problematic to establish true competition due to the physical network infrastructure required. That in such sectors it is the accountability from regulation which substitutes competition (Parker, 1999). Overall in the literature most of the evidence to support or refute the idea of privatisation of water companies is unambiguous and hence no real consensus to usefulness of privatisation has been established. However, the context of privatisation does alter the responsibility and accountability for the risk profiles in water companies (Allan et al., 2013). Public and private companies will have different dominant business cultures and leadership styles which will affect how the company will meet or exceed objections set by regulation. The decision makers must balance risk, efficacy and regulatory compliance in an uncertain operating environment. 
As risk is omnipresent in all areas of life, they are managed both consciously, as the technique of hedging (Bodnar et al., 2019), and instinctively. Where it is true, one may personally utilise risk management techniques in their personal life, it is normally more formally expressed within organisation, where there are strategies in place to achieve objectives and make formal, informed decisions. These strategies must be scientifically rigorous, cost-effective and account for social, ethical, cultural, legal and political constrains. The first step in any risk management stagey is the risk assessment, where risks are recognised, characterised and evaluated (Jing et al., 2015). Risk assessment techniques can be: qualitative, which relies on expect judgment to evaluate significance (see Kelly et al., 2018); semi-quantitative, which uses numerical scores to group consequences and probabilities, normally expressed as high, medium and low (see Hermansyah et al., 2019); and quantitative to evaluate using a numerical risk criteria matrix (see Baybutt, 2015). The point of them is to ascribe a value to risk to comprehend possible consequences of the action. Regardless of the risk assessment technique used, normally it relies on data and information from previous events to gauge the probabilities and consequences. In the event where there is no previous experience of a particular risk, for instance in the invention of a new technology or procedure, theoretical and logical models such as Monte Carlo and Bayesian networks can be used gauge the risk (see Suhobokov, 2007; Ahmadi et al., 2015). Normally in an event where there is no previous experience, it is left to the expert judgment of individual who is implanting the risk, and this ‘expert judgment’ may be skewed by cognitive bias (Jung & Treibich, 2015).  
A usual assumption in risk assessment is that outcome probabilities follow a normal or lognormal distribution (Schulz & Griffin, 1999). Hence that extreme events have a lower probability of occurring than ordinary events. Mandelbrot (1997) differentiated the concept of mild and wild risk and argued that risk assessment must be different for different type of risk. Mild risk adheres to normal or near normal distribution and hence the rule for large number. Therefore, it easily predicted using tools such as the Monte Carlo. However wild risk follows closer to ‘fat-tailed’ distributions, or power-law distributions and hence do not follow the rule for large numbers, causing them to be harder to predict. Mandelbrot (1997) argued that conventional risk assessment and evaluation techniques underestimate the wildness of risk. Bodnar et al. (2019) showed that executives who were risk averse in nature or followed risk-averse company policies preferred to perceive risk as fat-tailed distributions as it gave more possibility to extreme event, of which they wanted to avoid. However, this is less to do with expressing the likelihood an event may occur more, as Mandelbrot argued, but more about rationalising the precautionary measures and their cost for these extreme unlikely events.  
This evaluation of risk allows a business to implement actions to reduce risk. Whereas risk can be reduced though the implementation of control or treatment options, it is important to note that further actions to reduce risk will increase cost and inconveniences and it is rarely possible to reduce risk altogether without eliminating the original activity. Therefore, there must be thresholds of acceptable levels of risk and acceptable costs to reduce risk. In the commercial context criteria should be set on this to ensure standardisation between individual beliefs are accounted for. In an ideal context, the criteria should firstly unambiguously define the level of risk acceptable or desired risk appetite, determine when further actions are required through cost-benefit analysis and provide guidance of preference between different risk management options. The extent a company does this will be highly dependent on which sector they are in.  Some sectors, such as finance, are comfortable taking about risk and risk appetite as it is already in their vernacular, while others, possibly including the water sector, will first need to just gauge risk appetite, and then become comfortable expressing it before setting up risk procedures.  
2.5 Decision Theory  
In creating criteria to evaluate risk, decisions at some point need to be made. Decision theory is the study of an agent’s choice (French et al., 2009), and it can broadly be divided into two main areas; normative decision theory and descriptive decision theory (see Rapoport, 1994). Normative decision theory aims to determine optimal decisions given constrains or assumptions (Drugowitsch et al., 2019). An ‘optimal’ decision has been described to be able to be calculated with perfect accuracy and be fully rational (Drugowitsch et al., 2019). Outside of the world of mathematics, this version of optimal is practically impossible, hence most of the research focuses on how decision-making ought to be conducted and proving tools, methodology and software to support the decision process to help provide final decisions closer to this idealistic optimal state. Descriptive decision theory conversely focuses on describing observed behaviours of decisions under assumptions (Weiss et al., 2010). It examines the idea that there are inherent or culturally imposed constant rules one follows to make decisions. A sub-section of descriptive decision theory is behavioural decision theory which evaluate the idea of what a useful decision process requires. The debate between the theoretical optimal decisions compared to the practical useful decisions is active debate in the area of decision theory. But at the idea of uncertainty underpinning a choice is at the core of both.  
One of the main arguments in descriptive decision theory, is that expected utility theory have be shown multiple times to be ineffective in psychology studies (see Frisch & Clemen, 1994; Zhao et al., 2021). The expected utility hypotheses is a concept in pure economics that serves as a reference for uncertain decisions (Moscati, 2017). The theory recommends which options should be chosen in complex situations depending on risk appetite. It states that an agency should chose the outcomes by comparing the risky projected utility (a hypothetical unit for measure of satisfaction) and the expected utility (Moscati, 2017). 
Whereas prospect theory by Kahneman and Tversky (1979) describes the way people make decisions when the outcome carry risk. Prospect theory highlight two main drives in human decision making, which expected utility theory does not account for. Firstly, that gains and losses are not perceived equally because losses have a greater emotional impact. Secondly that an individual will focus more on a change, negative or positive, in satisfaction than absolute satisfaction score. The idea that your satisfaction may decrease 1 utility is more important to an individual than understanding that your satisfaction would be 2 utility if the non-risky option is chosen. This relates to the concept of bounded rationality (Sent, 2018). As humans are limited in resources, both in terms of time and intelligence, therefore without the use of technology there is a limit to the understanding of the outcomes and their likeness, but the current state is known and becomes the reference for the decision.  
These physiological impacts become more apparent when the decision involves the emotional engagement of someone else, either by them being impacted by the decision or that they will pass judgment on the decision. This is an emerging topic in socio-cognitive engineering, but primarily it relates to the importance one puts on the social context; that our interdependencies of our surroundings support systems are linked to a fear of social exclusion and can impact cognitive behaviour (Jung & Treibich, 2015) and make come to an illogical conclusion. Also a decision which could impact another individual is more complicated as there are more possible outcomes, causing bounded rationality to play a more important role. This role of human behaviour, both in the individual and in the social context is a growing area in phycology for understanding risk management decision making. With an agreement with prospect theory that negative emotions, such as fear and regret, are more influential than positive one where you are rewarded for risky behaviour. Limited studies have been made on decision theory in relation to integrated catchment management, and how both uncertainty in models and data, as well as risk perception, influences decision making in the water industry. 
2.6 Regulation 
The history of the English water industry history has been split into three major eras as shown in Figure 1(a, b and c); Pre-Privatisation/ Pre-European Union Era, Privatisation/ European Union Era and Privatisation/ Post -European Union Era. All three eras have an influential impact on understanding how the English interpret the problem of the environmental harm caused by SO today.


[image: ] Figure 1 a: Diagram of key the thinking (blue), regulation and legislation (red; currently enforceable, dark orange; either replead or significantly altered) and methodology procedure (purple) for Storm Overflows in the Pre-Privatisation/ Pre European Union Era. Black lines indicated where the author see linkages.  

[image: ]Figure 1 b: Diagram of key the thinking (blue), regulation and legislation (red; currently enforceable, dark orange; either replead or significantly altered) and methodology procedure (purple) for Storm Overflows in the Privatisation/ European Union Era. Black lines indicated where the author see linkages.  

[image: ] Figure 1 c: Diagram of key the thinking (blue), regulation and legislation (red; currently enforceable, dark orange; either replead or significantly altered) and methodology procedure (purple) for Storm Overflows in the Privatisation/ Post-European Union Era. Black lines indicated where the author see linkages.  



Figure 1 b: Diagram of key the thinking (blue), regulation and legislation (red; currently enforceable, dark orange; either replead or significantly altered) and methodology procedure (purple) for Storm Overflows in the Privatisation/ European Union Era. Black lines indicated where the author see linkages.  

2.6.1 Pre-Privatisation/ Pre-European Union Era
[bookmark: _Hlk201664402]Often documents that explain role of SO (see Institute Civil Engineering, 2023) will start with the sentiment that SO are a Victorian invention. Much of the UK sewer system was expanded on in the early to mid-20th century, so it important to note that the actual age of many SOs is not Victorian. It is the beginning of the thinking around SO that is Victorian. Much of that thinking took places as royal commissions into sewage treatment and disposal. The first few (in 1857,1865 and 1868) identified numerous problems with the collection, transportation and disposal of sewage (Ministry of Housing and Local Government, 1970). It was around this time sewage was begging to linked to health problems such as the breakout of cholera in London in 1857 discovered by Sir John Snow (McLeod, 2000). The publication of the reports from these various commissions was followed by the passing of the Public Health Act (1875) and the River Pollution Prevention Act (1876). Both which are fundamental starting points for understanding today’s relationship between sanitation, the environment and public health.  
The Public Health Act of 1875, regarding sanitation, established local authorities as responsible for providing clean water, sewage disposal and connecting homes to the main sewerage system. This firstly established the practice that the public should have the right to such services of sanitation and if deemed unsatisfactory or inadequate, an organisational body of whom they can ask to be accountable (Ramunno & Gardner, 2022). 
[bookmark: _Hlk201665605]The Rivers Pollution Prevention Act 1876 was the first national legislation in the UK to address river pollution, including prohibiting the discharge of sewage into streams and rivers. Often regarded as ineffective due to a lack of clear definitions resulted in an inability to enforce the Act (Lu et al., 2023). Nevertheless, its existence and intent, disproves a notion that environmental concerns of the water industry is a late 20th century or early 21st century phenomenon. It also the start of a trend in UK ambition for environmental protection from water industry surpassing its technical ability, in this case agreed definitions, to achieve said ambition. The Rivers Pollution Prevention Act 1876 was succeeded by Rivers (Prevention of Pollution) Act (1951) where it became necessary to obtain consent of the appropriate authority before making any new or altering existing discharge sewage effluent to a stream. Therefore, relaxing of the rule, from no discharges to agreed permitted discharges, which legitimises the uses of SO. But possibly more consequentially it indicates a shift in approach towards the problem. Where the Act in 1876 protected rivers by a blanket rule, it may cause harm, so it is prohibited; the act in 1951 protected rivers by acquiring knowledge of events happening and used acquired knowledge to prohibit excessive use of the rivers. Additionally in granting consent the boards were empowered to impose conditions. This is essentially the precursors to the Environment Agency (EA) role of setting conditions for environmental permits of SO in today’s regulatory landscape.
[bookmark: _Hlk201665806]Regarding the use of SO, it was the final royal commission of 1898, which is most consequential for it was these reports that SO were specifically discussed. This commission reports were the first to articulate the now long holding view that SO were simply impractical to dispense of altogether (The Royal Commission on Sewage Disposal, 1915). The primal reasoning behind this conclusion was quoted as the combining factors of cost and flooding. It was believed, even then, that the cost of building the necessary sewers to convey all flows to the final point of disposal would have been prohibitive and therefore if one accepts the possibility of excess flows, one must insure there are mechanisms in place to ensure that these flows do not cause flooding in undesirable places. This underlines firstly the importance economic decision making has always played in the role of SO in sewage collection and treatment, as well as the fundamental belief that the primitive role of SO is the protection of public health. This thinking was re-examined by the Technical Committee on Storm Overflows between 1950 and 1971, but they came to the same conclusion (Ministry of Housing and Local Government, 1970). 
The royal commission 1898 went on to express that SO should be used sparingly and should not come into operation until the flow was several times the maximum normal flow (The Royal Commission on Sewage Disposal, 1915). The report went on to state that no general rule could be given but the general principle should be to prevent such an amount of unpurified sewage from passing over the overflow as it would cause a nuisance (The Royal Commission on Sewage Disposal, 1915). Whereas this is a good sentiment the inability to provide a rule undermines its usefulness in practice. Again, the ambition of environmental protection is undermined by the technical understanding to execute it. By 1971 Formula A was proposed as a more environmental focused approach to SO than simply using dry-weather flow to identify the appropriate level discharges (Ministry of Housing and Local Government, 1970). What is important to note is that it took over 70 years for a formula bases on scientific understanding to be created, and in that time the sewer system in the UK was rapidly expanded. 
2.6.2 Privatisation/ European Union Era
2.6.2.1 Privatization and regulators
When the UK joined the European Economic Community in 1973, they were the subject to adhere to regulatory directives set by the block. For instance, the European Commission (EC 1976) (76/464/EEC) set limit values for member states which must not be exceeded for the various dangerous substances discharged into the aquatic environment. Each member state is obliged to enact the requirements of the directive through appropriate local legislation. These external directives highlighted numerous aspects of the UK water industry which required improving to meet EEC directives. Poor environmental standards and the cost to align with EU directives is often quoted as one of the reasons why the UK privatised water companies in England under the Water Act 1989 (Owen, 2024) There was an expectation that private water companies would be invest private capital to improve water quality. 
[bookmark: _Hlk201669808][bookmark: _Hlk201669896]In privatising the water industry Water Industry Act (1991) sets out the main powers and duties of water and sewerage companies, including that of the regulatory framework in which they were to work within. That regulatory framework is there would be two bodies who regulate:  an environmental regulator, originally the National Rivers Authority, later the Environment Agency (EA) whom would be concerned with water quality and resources; and a financial regulator, originally the Director General of Water Services, later Office for Water Services (OFWAT) concerned for consumer protection and competition. Section 94 of the Act imposes a duty on water and sewerage companies to provide, improve and extend such a system of public sewers and maintain to a ensure effective drainage.  Section 18 of the Act then allows OFWAT to impose enforcement orders on a company where they are satisfied that a company breached or is breaching section 94 WIA 1991 or regulation 4 of Urban Wastewater Treatment Regulation (1994) (see below). Additional, Section 22A of the Act allows OFWAT also to impose financial penalties (not exceeding 10% of company turnover in previous business year) where they are satisfied that a company breached or is breaching a relevant legal obligation. Section 18 and section 22A together provide quite substantial financial deterrent for water companies to aspire to comply with section 94.  
[bookmark: _Hlk201669996]For the environmental regulator the Water Resources Act (1991) which provide the main framework in which to regulate the water industry. The Water Resources Act (1991) ruled that an overflow spill is not a pollution incident and is permitted if it is compliant with a discharge permit issued by EA. The most current regulation to environmental permitting is the Environmental Permitting Regulation (2016) in which schedule 21 related to water discharge activities. When issuing such permits the EA applies water quality design standards for all new, improved or altered storm overflows. As part of the permit, it is required for water companies to classify each SO as satisfactory, substandard or unsatisfactory. Satisfactory overflows meet both the environmental and modern engineering standards for SO structures and have sufficient capacity. Substandard overflows satisfactory in terms of environmental impact currently, nonetheless, do not meet modern standards of engineering and aesthetic control. Whereas unsatisfactory operate in dry weather flow or contribute to the failure of environmental standards. If an overflow becomes unsatisfactory the EA can review the SO’s permit or take enforcement action against the water company. The prevention of SO becoming unsatisfactory outlines the extent of work required on the environmental front that will be assessed by the EA sufficient in the water company meeting its demands for environmental protection.  
2.6.2.2. European Union and EU Directives
In this period environmental regulations were determined via European Directives. This means that the discerning around priorities and objectives set around the European aims of direction, but it was for each individual country to interpret EU directive and transcribe these into legislation, regulation, and standards to be measured against. Hence each country, including the England and Wales, could decide its level of lenience it wished to apply in its approach to achieving adherence to the directive. 
A major EEC directive relating to SO, and river pollution was the Urban Wastewater Directive (UWWTD) (91/271/EEC), put into UK regulation by Urban Wastewater Treatment Regulation (UUWTR) (1994). The UWWTD aimed "to protect the environment from the adverse effects of urban wastewater discharges and discharges from certain industrial sectors" by mandating wastewater collection and treatment in urban populations of over 2000 according to best technical knowledge not exceeding excessive costs (BTKNEEC). The UWWTR supplement the Water Industry Act (1991) section 94. BTKNEEC continues the notion set out by the royal commission 1898, that cost of sewage collection, distribution and treatment should not be prohibitive in nature, but now it includes the idea of ‘best technical knowledge’ (BTK). Its should be noted that BTK is not the same as best available technology (BAT). BTK may include the use of BAT, but it is broader concept that encapsulates the implications of using certain technologies in approaching the problem, in this case environmental harm. However, where that understanding of using different technologies is absent, BAT is often used as a substitute for BTK.
Another key directive for SO is Water Framework Directive (WFD) (EU, 2000). The primal aspiration behind the WFD implementation in 2000 was to reverse the damage of pollution on the ecology of waterbodies and maintain that improvement across Europe (Hampson et al., 2017). The WFD has been argued to be one of the most ambitious pieces of EU environmental protection legislation, particularly in the field of water management (Fritsch et al., 2017). WFD has a number of key objectives fundamental to its underlying principle to improve the ecological status of water bodies within a catchment. The first objective being to unite and streamline current legislation and make it more cohesive across Europe (Phillips, 2014). The second objective was that it expanded the scope of water protection to all waterbodies, including groundwater, within the catchment (Hannigan et al., 2016). This aim relates to the theory of connectivity within hydrological systems (see Bracken et al., 2013). Polluted water can be propagated throughout the hydrological system and not all areas have the same sensitivity to pollution disturbances (Orlikowski et al., 2011). 
The WFD established the classifications of ‘good chemical and ecological’ status, dividing all waterbodies into two categories; those that achieved ‘good chemical and ecological’ status’ and those that do not. Good ecological status is determined by assessing the overall ecosystems health, expressed by firstly biological quality elements (such as fish, fauna, phytoplankton, other living organicism), but also assessments of hydro-morphology (such as the physical structure of the water course, the water level, the eroding power, rate of sediment transfer), and the physicochemical parameters, (such as nutrients, oxygen condition, temperature, transparency, salinity). In many ways the hydro-morphological and physicochemical are seen as supporting indications of the biological quality elements of the ability to support life. The WFD is clear in in assessment to assess the overall health, a range of parameter should be considered. One of the reasons why is the fact that ecosystems are complex systems which operates on multiple scales both spatially and temporally where features are interconnected with other parameters. Another reason for multiple the consideration of multiple parameters there are difference sources, such as agricultural, industrial and urban runoff, which can impact river health. The classification system of the WFD works on a one-out, all out system, where if one quality element fails to meet a satisfactory level, the overall waterbody loses it good ecological status. Good chemical status, referred to the quality of the water in terms of chemical composition of water and is assessed against standards for priority substances listed. 
There are a few other key EU Directive which are considered important in relation the management of SO. These include the Habitats Directive, Flooding Directive and the Bathing Water Directive. The Habitat directive overall aim it to ensure that species and habitat types are maintained, or restored, to a favourable conservation status. The flooding Directive aims to reduce and manage the risks of flooding in four main areas: human health, the environment, cultural heritage, and economic activity.  The Bathing Water Directive is the directive to monitor and assess bathing water. This was the directive which is most associated with public health from public recreational activities such as wild swimming. EU bathing water legislation specifies that designated bathing water quality can be classified as 'excellent', 'good', 'sufficient' or 'poor', depending on the levels of faecal bacteria detected. Where none these directives are directly linked to environmental concerns of SO, they do contribute to the narrative around SO. 
2.6.2.3 Urban Pollution Management Manual 
At the time the UK released a Guidance Note to accompany the UUWTD regulation, which for intermittent discharges related back to the AMP2 Guidelines entitled Framework for the Consenting Intermittent Discharges (FWR, 1994). The AMP2 Guidelines recognised a number of planning procedures for consenting intermittent discharges to freshwater, the most prominent of which was approach based upon intermittent river quality standards, which was taken forward by the Urban Pollution Management (UPM) Manual (FWR, 1994). Regarding the issue intermittent discharges effect on environment raised by the UWWTD the UK approach was combination of using Formula A to determine Pass Forward Flow and UPM procedure to understand discharge impacts. 
The primary purpose of the UPM Manual is to assist practitioners in the UK to develop cost -effective strategies to urban pollution management problems through the assistance of new tools and procedures (FWR, 1994). The importance of the concept of cost-effectiveness should not be underestimated when considering the UPM, as it produced in tangent to the UWWTD.  Some of these tool and procedures were developed the UPM Research program and hence became the current best technical knowledge on the subject. The UPM claimed that using its tools and procedures should result in overall cost savings, as the tools allows a better understanding of the ‘true’ cause and extent of pollution, resulting in more focused solutions adopted with confidence (FWR, 1994). It also claims that as they procedure is founded on a single set of environmental standards which can be applied to simple or complex modelling, there will be greater consistency in UPM strategies both regionally and nationally. 
The environmental standards outlined by UPM manual are Fundamental Intermittent Standards (FIS), and 99 percentile standards (FWR, 1994). FIS is a concentration-duration-frequency based criteria, with the duration periods of 1 hour, 6 hours and 24 hours and the return periods of 1 month, 3 months and 12 months.  It was based on ecotoxicological research was carried out between 1987 and 1992, reported in a National Rivers Authority Report (Milne et al. 1992). This work investigated the relative importance of concentration, duration and frequency of low dissolved oxygen and elevated unionised ammonia has on the ability for fish to reproduce, which is prevented when either the fish has died or there has been considerable damaged its reproductive organisms. FIS takes the point of inability to reproduce as representative of the point as which there has been a consequence to the discharge. As it works found that the point at which damage occurs to the fish is dependent on the other conditions of the system FIS has dynamic threshold outlined in Appendix A of the UPM manual (FWR, 2018).    
FIS works on the basis that low dissolved oxygen and elevated unionised ammonia is toxic for fish. Fish sensitivity to low dissolved oxygen varies by species, life stage (egg, larve, adult), life process and current activity. Fish can escape hypoxia (low dissolved oxygen) by actively searching for well oxygenated area, however most freshwater fish will have drastically diminished swimming ability and skill when exposed to hypoxic conditions due to high metabolic cost of aerobically propelled swimming (Jones, 1971; Herbet & Steffensen, 2005). The concentration can impact the metabolic rate and nutrient absorption rate in fish, impacting growth rate (Boeck et al., 2013). Stress of hypoxia can damage the immune system, make fish more susceptible to disease (Wang et al., 2018). During hypoxia fish usually maintain oxygen intake by increasing gill ventilation, but this can increase blood pressure leading to the possibility of heart-stoke (Stecyk et al., 2004). Reduced DO can affect growth and development in eggs and by modifying the embryo incubation duration it can affect the survival rates (Agbehadzi et al., 2024). Hypoxia can modify courtship behaviours and mate choice, as well as inhibiting testicular and ovarian development reducing fertilisation rate (Hoo et al., 2016). 
Ammonia is a by-product of the protein metabolism and is primarily excreted across the gill membrane with a small proportion excreted by urine (Weihrauch et al., 2009). Therefore, any ambient unionised ammonia in the ambient water can cross due to pressure diffusion into the fish though the gill membrane and once inside converts to ionised form which causes cellular damage (Xu et al., 2021). Ammonia may be acutely toxic to fish through it effect on the central nervous system (Randall & Tsui, 2002). Acute toxicity susceptibility to ammonia varies by life stage, decreasing from sac to juvenile and increasing again with age after juvenile stage (Zimmer et al., 2017). If exposed in sac stage, there may be delayed development of the ability to swim. Successive exposure to ammonia, particularly in the recovery period which last the length of time for excrete excess ammonia from the body, could cause additional stress on the fish (FWR, 1994). 
[bookmark: _Hlk201673845]As the UPM Manual (FWR, 1994), and hence FIS, was created in the mid-90s and therefore it predates WFD which was implemented in the year 2000. Thus, it was simply assumed to begin with, partly because of its scientific origins, that FIS was sufficient in defining good ecological status under WFD. This was dependent on the results of a pending review to scrutinise this assumption in more detail. That review was published in 2012, titled; Review of urban pollution management standards against WFD requirements (Environment Agency, 2012). It concluded that UPM FIS are “fit for purpose” and no modifications were required with respect to the WFD. Firstly, the standards were demonstrated to provide protection to all life-stages of all aquatic life (plants, invertebrates and fish) associated with the specified ecosystem type. Secondly, for most concentrations, durations and frequency combinations, the standards provide a margin of safety between 5-463% (Environment Agency, 2012). The boxes that are yellow are standards where there is less than a 5% margin of safety, and the boxes that are green provided more than 5% margin of safety.  The largest margin of safety applied is 463%. Therefore, meeting FIS, should result in no long-term behavioural or physiological effects and no short-term fish and macroinvertebrate mortality. This therefore satisfies WFD requirements to ensure that the existing good quality status of a water body is not compromised by intermittent discharges from the wastewater systems network. 
2.6.3 Privatisation/ Post -European Union Era 
With the UK leaving the EU in 2020, the idea that direction of sewer collection, distribution and treatment is dictated by EU Directives for the UK is no longer applicable. Hence new legislation in the form of the Environment Act 2021 (UK Government, 2021) was introduced. Nevertheless, the old directive that had been transcribed into the law are still in place and the system is still privatised, so the regulatory set has remained the same. Statutory obligations arise from legislation requirements and need to comply with obligations imposed directly by the statue or by the permits/licences granted by the secretary of state, the EA or other body of jurisdiction. Statutory obligations must be applied to regardless of the cost-benefit analysis. The Environment Act 2021 therefore is statutory obligation.  
Statutory plus obligations are categorised as legal requirements where evidence form part of the decision-making process and in cases where actions are considered disproportionately expensive compared to the environmental benefits, alternative objectives or timeline may be considered. An example of this would be UWWTR, where not exceeding excessive costs is part of the legal obligation. Non-Statutory requirements are expectations that are not driven by statutory requirements. This may be a customer desire that is not underpin by a specific Act. In case of the Water Companies, to pursue such a scheme they must show customer support and that such an investment will provide best value for customers over the long time. However, there is an expectation that water companies will pursue a range of non-statutory agendas alongside any statuary or statutory plus obligations (DEFRA, 2022). 
In the Environment Act 2021 government introduced a requirement for sewage undertakers to monitor sewage assets (s.81; Event-duration monitoring) and the impact on their local environment (s.82; Water Quality monitoring). It is expected that both the Event-duration monitoring (EDM) and Water Quality monitoring (WQM) will be published to the data within 1-hour of the operation. It is noted that these stipulations are to ‘place a renewed focus on monitoring’ and ‘increase public transparency of those impacts’ (DEFRA, 2023b)). 
2.6.3.1 Environment Act Section 81
EDM measures the start and end of an operation of SO. Before to 2013 EDM, was targeted at shellfish and bathing waters. Since 2013, water companies were instructed to cover comprehensively across the network. As of 2023 there 100% coverage at all actable sites (DEFRA, 2023c). There are three types of sensors that can be used for EDM; Ultrasonic, Pressure and Float. Misting and condensation can be an issue of ultrasonic devices, whereas float systems need to be located away from areas where fouling could occur (CIWEM, 2016). EDM data can either record changes in state from not spilling to spilling or produces trended datasets such as recording level at set frequency timescale. 
2.6.3.2 Environment Act Section 82
In section 82 of the Environment Act 2021 there is a duty to monitor the water quality impacts of the discharges on receiving watercourses. It is required to measure the parameters of: 
1) Levels of Dissolved Oxygen 
2) Temperature 
3) pH values 
4) Levels of Ammonia 
5) Anything else specified in regulation made by the Secretary of State 
In the technical guidance produced by DEFRA (2023b) there are four objectives for section 82: 
1) To quantify the water quality impacts of a discharge 
2) To increase the stakeholder and public understanding of the impacts of a discharge
3) To inform the sewage undertakers improvement programmes to meet SODRP 
4) To inform regulatory action 
In order to meet these the first objective, the monitoring firstly must be linked to regulatory standards. The regulatory standards chosen to inform on continuous monitoring program is the UPM FIS. UPM FIS was preferred over other less focused alternatives such as WFD due the fact that they were designed with the specific desire to measure impact at SO. Next the data must be attributed to a targeted asset. This is why the majority of assets are expected to have a monitoring site both upstream and downstream of a particular asset. It is recognised that in certain environments such as urban area there may be assets discharging at relatively close proximity. This may cause issue for monitoring programmes, as the data from the downstream location may be impacted by other assets. Thus, clustering of location may need to occur, where the downstream data shows cumulative impact. Though this approach is looked unfavourably on, and where possible each asset should have its own monitoring program. Any watercourse with a year-round permanent depth of below 4 cm throughout the permissible distance to the optimum measuring point does not need to be monitored as the technology will not produce reliable results in such conditions DEFRA (2023b). 
For the monitoring to be considered continuous requires the monitor to measure at regulatory intervals. For the water quality measurements, it is proposed at 1-hour intervals, expect at high-risk periods where 15 minutes intervals have been proposed DEFRA (2023b). High risk has been described as either duration the operation of a SO (refer to the EDM data) and during anything that would affect the water quality of the final discharge. Once either of these conditions are met, the 15-minute intervals frequency is to remain in place for 24 hours. If rainfall is considered as a trigger for the high-risk 15-minuite intervals frequency (as it would affects the water quality of the final discharge), it is possible that some locations in England in the winter months may never leave the condition of being high-risk. The reason why the condition of high risk, is primarily to allow a more detailed understanding of time where is likely that UPM FIS exceedance may occur, but in other time to reduce instrument wear and maintenance programs.  
2.6.3.3 Environment Act Section 83
Section 83 of the Environment Act 2021 aims to progressively reduce the negative effects of their SO discharges, specifically on both the environment and public health.  The section emphasizes a progressive and ongoing reduction in these adverse impacts, rather than a one-time fix. This approach currently contradicts the funding set up water industry in which OFWAT promotes funding to only be allocated to each asset once. In terms of the environments, one way proposed to show this reduction in harm is to show reduced number of UPM FIS exceedance counts. However, there is a theoretical limit to which exceedance counts can be reduced, as negative exceedance counts are impossible. As it is stated in section 83 that this is enforceable by the Secretary of State or an Authority with the consent Secretary of State, it is believed that once the conditions are meet in section 84 of the act (a report written by Secretary of State) no more progressive reduction in harm will be required. But that is not stated in section 83. 
2.6.3.4 Environment Act Section 84
Section 84 of the Environment Act 2021 requires the Secretary of State to prepare a report actions to be taken to eliminate SO discharges and the costs and benefits of those actions. This report was produced in 2023 as the Storm Overflow Discharge Reduction Plan (SODRP) (DEFRA 2023a). The government have set the deadline of 2027 to review the repot. In the SODRP it states by 2035, water companies will have improved all SO discharging near bathing waters and 75% of SO discharging by high priority sites. By 2050 no SO will be authorised to operate outsides of unusually heavy rainfall or cause ecological harm. The SODPR sets out three official targets: 
1) Protecting the environment. 
Water companies will only be permitted to discharge SO where they can demonstrate no local ecological impact. In the appendix of the report it states that no ecological impact is equivalent to achieving UPM FIS or 99 percentile standards for DO and Ammonia at the downstream location. These standards apply to inland waters. 
2) Protecting public health in designated bathing waters 
Water companies must significantly reduce harmful pathogens by applying disinfection or reducing the frequency of discharges. 
3) Ensuring SO operate only in unusually heavy rainfall events
SO are only permitted to discharge in a maximum of 10 rainfall events per year by 2050. This target is meant to act as backstop to the other two targets. 
There is forth acknowledgement in the report that water companies are required to ensure all SO have screening controls. This is however not an official target in the report. 
2.6.3.5 EA approach to SO 
There are five main pills at the moment where the EA is concern with the use of SO. The firs one is still (as stated in the previous section) the use of Environmental permit, with conditions on the extent of their use. The next one is collecting from the water companies the EDM data , which is on condition of the environmental permits. 
The next is the Storm Overflow Assessment Framework (SOAF) (Environment Agency, 2025) , which is the EA guidance for assessing the performance and required improvements of SO under UWWTR. Therefore, it promotes the idea of BTKNEEC while using the new available data under the Environment Act 2021.   It applies to water companies in England. Currently, SOAF follows a 5-step program from data to solution, detailed below: 
1) Spill frequency triggers investigation 
2) Level of environmental impact quantified
3) Improvement options Assessed, including a cost-benefit analysis. 
4) Decision made using cost-benefit analysis. 
5) Delivery of BTKNEEC solution, subject to funding, to reduced environmental harm and spill frequency.
The SOAF investigation process is expected to be conducted outside of WINEP, but there is an acceptance that future investigations may be included under Water Industry National Environment Program (WINEP). 
The primary role of WINEP is to provide information to water companies on the actions they need to take to meet the environmental legislation requirements that apply to water companies in England (Environment Agency, 2022a). The WINEP program between 2020 and 2025 delt with £5.2 billon of asset improvements, investigations, monitoring and catchment interventions Environment Agency, 2022a). It is expected of the EA to prove that WINEP provides benefit to environment for every pound invested by the water companies.  However, the water sectors environmental expenditure is greater than the WINEP outcomes, due to expenditure on maintenance. 
The last Water Investment Strategic Environmental Requirements (WISER) are organised around EA and Natural England vison for water Industry (Environment Agency, 2022b): 
1) A thriving natural environment which will increase environmental value, healthy rivers and sustainable functioning eco-systems. 
2) Performance and compliance, resulting in acts in the long-term interest of society and excellent day-to-day service for customers
3) Resilience for the environment and customers to ensure safe and affordable water and wastewater services for today and future generations. 
2.6.3.6 OFWAT approach to SO 
Every five years Ofwat requires each water company in England and Wales to produce a business plan explaining it proposes plans. Current Price Review 24 (PR24) has allowed £88 billion in total expenditure for the period 2025-2030, £20 billion of which has to set specifically for £20 billion (OFWAT, 2025). OFWAT will support more than 2500 project related to reducing spills from SO. Simultaneously Ofwat in PR24 to claimed to have removed £16 billion for inefficiencies of proposed spending from companies (OFWAT, 2025). It also claims that it bills are expected raise by £19 per year before inflation which is £44 lower than proposed (OFWAT, 2025).
Chapter 3.1: Uncertainty in determining Fundamental Intermittent Standards exceedance counts for intermittent discharges 
This chapter is based on a paper submitted and under review to CIWEM Water and Environment Journal. The first author is Philippa Mohan (candidate). The co-authors include Dr Alma Schellart, Professor Simon Tait and Professor Chris Digman.  
3.1.1 Abstract
The Storm Overflow Discharge Reduction Plan definition of ‘no local adverse ecological impact’ caused by intermittent discharges from storm sewer overflows are described in the Urban Pollution Management Manual in the form of the Fundamental Intermittent Standards. The aim of the S.82 Environment Act of 2021 monitoring program is to allow sewerage undertakers to assess the impact of intermittent discharges on the receiving watercourse using monitored data. Data from any monitor contains uncertainty. The aim of this work is to consider the impact of both data uncertainty associated with the monitoring and parameter uncertainty associated with the data processing on determining Fundamental Intermittent Standards exceedance counts. This work finds that both data uncertainty for Dissolved Oxygen (DO) and Total Ammonia (TA) as well as parameter uncertainty associated with Unionised Ammonia (UA) can, at certain locations, affect exceedance counts considerably. This has significant consequences in determining environmental harm caused by the spills from SOs.
3.1.2 Introduction
The Storm Overflow Discharge Reduction Plan definition of ‘no local adverse ecological impact’ in relation to intermittent discharges from Storm Overflows (SOs) are described in the Urban Pollution Management (UPM) Manual (FWR, 2018) in the form of the Fundamental Intermittent Standards (FIS) and 99 percentiles standards. This study will look into the uncertainty of determining FIS exceedances and compliance failures when using continuous water quality data obtained using instrumentation commonly used by UK water companies in receiving waters to measure particular water parameters determined by regulation. 
FIS works on a binary basis; pass or fail once the frequency of the exceedance count for a particular return period is surpassed. These standards have been accepted by the Environment Agency in England as providing evidence that a river is not of ‘good ecological status’ as defined under the EU Water Framework Directive (EA, 2012). 
In the UK, investigations regarding receiving water quality in UPM studies have been carried out through modelling approaches, with data collection only supporting the verification of the modelling tools. Recently, however, the attention is shifting from utilising modelling tools to collection of data that is to be directly used to test compliance. This logic follows the current practice of reporting SO spill frequency performance using collected Event Duration Monitoring (EDM) data rather than using predictions from simulations. 
The most recent legislation concerning the discharge of sewage into receiving watercourses in England and Wales is the Environment Act of 2021 (UK Government, 2021). Section 82 of the Environment Act of 2021 requires the continuous monitoring of the specified water quality parameters in the receiving water upstream and downstream of an overflow. This in combination with section 81, which stipulates storm overflow discharges in England must be reported in the form of Event Duration Monitoring, is an enormous digitalisation of both the sewer and river networks in England. England and Wales are not the only countries to call for this digitalisation; the new Urban Wastewater Treatment Directive (EU, 2024) also calls for EU member states to monitor nutrients of treated and untreated discharges, though not continuously as in England and Wales.
The aim of the S.82 Environment Act of 2021 monitoring program is to allow sewerage undertakers to assess the impact of intermittent discharges on the receiving watercourse, with the FIS being used to determine “environmental harm”. Hence the Act requires the monitoring of pH, temperature, turbidity, dissolved oxygen (DO) and total ammonia (TA) at a sampling timestep of 15 minutes at high-risk times or otherwise a timestep of 1 hour is permissible. There will be few exemptions for technical reasons but the vast majority of SOs are obliged to have an in-situ continuous, receiving water quality monitoring program. It is expected that total rollout should be completed by 2035 with up to 40% completed by the end of AMP8 in 2030. 
Data from any monitor contains uncertainty. Sensors installed to measure concentration of various parameters have uncertainty levels. This can sometimes be reported as sensor accuracy which can be defined as the deviation from the measured sensor value to the true parameter value (ISO, 2009). In this paper, this will be referred to as ‘data uncertainty’. Uncertainties in the measured input data are generally caused by systematic and/or random errors and depending on the sensing methodology used in the sensor, the sensor will have different capabilities and introduce uncertainty in different ways (Delectic et al., 2012). While uncertainty can be reduced, it cannot be eliminated. Uncertainty can also be introduced if measured data is converted into other forms using empirical relationships, for example when converting TA measurements to Unionised Ammonia (UA) concentration values. Here the level of uncertainty is related to how well these relationships describe the physical processes, or how well parameters were originally fitted in the regression equations. This is another type of uncertainty, called ‘parameter uncertainty’ in this paper. 
The impacts of data and parameter uncertainty are currently ignored. DEFRA’s Interim Technical Standard on the Continuous Water Quality Programme (DEFRA, 2024) sets out guidance on minimum sensor accuracy requirements, and also provides some guidance on verification of errors or gaps in the dataset. A maximum acceptable uncertainty range is provided, which appears to be current best available technology (BET), but the guidance does not specifically state any reasons as to why this range is selected. The Interim Technical Standard furthermore acknowledges sensors will have different error bounds, and states that “When comparing the calculated [unionised] ammonia concentrations and the measured dissolved oxygen concentrations to the UPM FIS and 99 percentile standards, the error bounds in both values should be considered” (DEFRA, 2024, pp.14). However, no guidance is provided as to how these error bounds should be considered. There is also no information or guidance on what the FIS implications of these error bounds, or the minimum sensor requirements, can be when determining compliance with FIS and investigating the overall impact on defining environmental harm associated with an intermittent SO discharge. 
This paper therefore looks at how considering data and parameter uncertainty would alter the determination of environmental harm at numerous sites for which continuous water quality data is available. The impact of both data uncertainty and parameter uncertainty will be explored. The paper aims to systematically quantify FIS compliance under data and parameter uncertainty and investigate whether or not conducting uncertainty analysis is necessary when assessing compliance with FIS.

3.1.3 Methodology
3.1.3.1 Water Quality Data Used in this Study
At 41 locations, within two geographical areas in the North of England, sets of continuous water quality data were obtained from two English water companies. In one of the areas, data was available from 19 locations in four rivers, collected between September 2019 and September 2020. In the other geographical area, data was available from 22 locations in three rivers, between April 2023 to September 2023. Both urban and rural locations were sampled. For each location, the water quality parameters measured were DO, ammonia (TA), pH and temperature. The measurements were made using multi-parameter sensors, sampling was continuous at a measurement interval of five minutes. On the rare instance when any sensor had failed to record a value, the data was linearly interpolated. All locations did have some missing data, but no location was found to have more than 0.05% data loss in the timeframe of the data collection. 
For the FIS assessment, UA concentration values are calculated using the calibration relation described in Equation 1, based on an earlier Emerson et al. (1975) study into determining the relationship between ionised ammonia, pH and temperature: 
               UA (mg/L) = NH4+ (mg/L)/ (1+10 (10.055-(0.0324*Temperature(˚C))-pH))                        Equation 1 
This relationship is in widespread use in England and Wales and is outlined to be used while converting TA to UA in UPM schemes by the first addition of the UPM Appendix C (FWR, 1994)
3.1.3.2 Monitoring Data Uncertainty
Data uncertainty can be defined by considering the upper and lower sensor error bounds for DO, TA, pH and temperature as provided by the sensor manufacturer. It is assumed that the distribution of the data uncertainty can be described by a normal distribution. For this analysis, it was assumed that the mean of the distribution is the parameter value as recorded by the sensor, and the upper and lower sensor error bounds are as provided by the sensor manufacturer and are the equivalent of two standard deviations from the mean. Therefore, 95% of the ‘true’ values would fall within the sensor error bounds. This is in line with established literature on how to handle data uncertainty (see ISO, 2009; Delectic et al., 2012).  
The upper and lower sensor error bounds for DO, TA, pH and temperature in the paper has been taken from the manufacturer’s accuracy specification for the sensors installed at the above locations (YSI Incorporated, 2012) and are reported in Table 1. It is believed that at time of installation (2018) these sensors were considered BAT. Whereas the manufacture uncertainties quoted in Table 1 are currently technically not considered BAT anymore, with sensors that are minorly better currently on the market (such as  ±0.1 for DO in mg/L and temperature in degree Celsius), the uncertainties in Table 1 can still be seen as a good approximation of capabilities of in-situ sensors for the different water quality parameters. The uncertainties quoted in Table 1 were calculated in from lab conditions, however a supposably representative of field locations when sensor is placed in ideal conditions. In order to be used in the UK industry, the method for this uncertainty analysis must comply with standard to be fair representative of the capabilities in the field. Therefore, it can be assumed that some usual field conditions have been tested.  Overall, the uncertainties in Table 1 must be taken as representative of sensors deployed, though most probably an underestimation of the ‘true’ uncertainty associated with the field in-situ data due to being developed in lab conditions. 






Table 1: Manufacturer’s accuracy specification for the sensors used in the data collection (YSI Incorporated, 2012). 
	Sensor Specification 
	Accuracy 

	Dissolved Oxygen (DO) 
	± 0.2 mg/L 

	Ammonium (TA)
	± 2.0 mg/L  

	pH 
	±0.2 

	Temperature 
	±0.15°C



As DO is measured directly the overall uncertainty for the FIS analysis can be taken from Table 1. UA has to be calculated from TA, pH and Temperature using the empirical equation (Equation 1) along with the manufacturer’s accuracy specification which is found in Table 1. By using the ± 2.0 mg/L uncertainty band for TA on the typically reported range of 0-4 mg/L, a value less than 2 mg/L would provide a negative value for TA. Negative values are physically impossible, and hence in this study the lower limit of the uncertainty bandwidth was considered to be 0 mg/L. 
Parameter uncertainty can be defined as the uncertainty in the empirically fitted parameters in Equation 1. 
3.1.3.3 Sensitivity Analysis 
For the sensitivity analysis of the calculated UA, firstly the UA was calculated without considering any data or parameter uncertainty. This provides the benchmark to which other values including uncertainty could be compared against. This was done at each timestep for all 41 locations. Then for the data uncertainty, the manufacturer’s error bounds were split into 20 increments and then new datasets were calculated by either adding or subtracting the increment value to each timestep. 
The values of 10.055 and 0.0324 in Equation 1, have been noted as Parameter A and Parameter B, respectively and these will be considered for parameter uncertainty analysis. For Parameter A and B, a range of ±15% of 10.055 and 0.0324 has been considered in the sensitivity analysis. For parameter uncertainty, the ±15% on Parameter A and B was split into 1% increments and then added or subtracted to the parameter in Equation 1. The UA was calculated at each timestep and for each increment, considering data uncertainty or parameter uncertainty. 
3.1.3.4 FIS analysis
For the consideration of the data uncertainty, a Monte Carlo simulation of 500 runs was created, by picking random values from the normal distributions described in section 3.2 for DO, TA, pH and temperature at each timestep. Parameter uncertainty was set at 5% (after considering the sensitivity analysis; range of 9.55-10.55, explained in section 4.1).  
The FIS analysis has been carried out using the methodology for sustainable salmonid fishery for both DO and UA as outlined in Urban Pollution Manual (FWR, 2018). The UPM calls for a 6-hour gap between exceedance counts, believed to be linked to the EA definition of separating rainfall events. However, as no rainfall data has been collected or considered during this work, this condition has been removed from the UPM-FIS procedure. 
For data analysis the FIS procedure was first carried out on the dataset without considering uncertainty, and then data uncertainty was considered carrying out the FIS procedure on all 500 Monte Carlo runs for the DO and TA data uncertainty. Parameter uncertainty was considered by analysing FIS for parameter A -5%. The mode FIS exceedance count was found by identifying out of the 500 different exceedance counts produced which exceedance count values repeated the greatest number of times. This value was taken to be compared to the FIS exceedance count that did not consider uncertainty. 
3.1.4. Results
3.1.4.1 Sensitivity Analysis  
As DO is directly measured no sensitivity analysis has been carried out, the uncertainty band has been taken directly from the uncertainty reported by the manufacturer and then its impact on FIS exceedance count is reported in Section 4.2.1.
As UA is calculated based on other measurements, data and parameter uncertainty has to be considered individually to investigate their effect on the calculation of UA. The impact of both types of uncertainty on the impact on FIS exceedance count is reported in Section 4.2.2 and Section 4.2.3.  
In Figure 2a the UA values have been plotted against percentage change in the data value as total ammonia, pH and temperature all have different units. Total ammonia percentage change is large, ranging between 300% to just over 700%. This is because the manufacturer’s error bounds can be large. The manufacturer’s error bounds in measured pH and temperature both relate to a percentage change in UA value of less than ±2%, so are difficult to observe given the vertical scale used in Figure 2a.   The horizontal axis is unsymmetrical as it is impossible to remove more than 100% of the ammonia, but it is possible to add more than 100% of the ammonia. 
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Figure 2a: The average change in UA values compared to UA values without data uncertainty data for all 41 locations, plotted against percentage change in the data value due to data uncertainty for UA. 
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Figure 2b: The average change in UA values caused by the parameter uncertainty compared to UA values without uncertainty in all 41 locations, plotted against percentage change in parameter A and B due to parameter uncertainty in Equation 1. 
In Figure 2b, the calculated UA values have been plotted against percentage change in the values of the Equation 1 calibration parameters A and B. Figure 2b shows that the UA values are much more sensitive to uncertainty in parameter A, however more prominently in the negative direction. It also shows that there is geographical difference in the effect of uncertainty parameter A on the UA value. Each curve, with different gradients, corresponds to a different location. There is no geographical pattern for uncertainty in parameter B. Uncertainty in parameter B always has a very limited effect on the calculated UA value. 
Overall, the UA values are more sensitive to parameter uncertainty than data uncertainty and specifically to uncertainty in parameter A.


3.1.4.2 Impact of data and parameter uncertainty in DO and UA on the FIS exceedance count
3.1.4.2.1 Effect of Data uncertainty in the DO measurements on the DO FIS exceedance count
Table 2 shows that by considering data uncertainty, the mode DO FIS exceedance count shows a difference of between 1 to 4 exceedances at around 20-30% of locations for the 1 hour and 6 hours duration criteria. For a longer duration component of FIS, a decrease in the proportion of locations that are affected by the data uncertainty is seen. Hence the small frequent discharges intended to be reviewed by DO 1h1m exceedance count are most susceptible to data uncertainty in the DO measurements. However, even at the 1h1m FIS exceedance count, nearly 70% of locations FIS exceedance counts were not affected by considering data uncertainty. It should be noted that nearly all 100% of locations that originally reported a zero FIS exceedance count were in the no change category across the different durations and return periods, except for one location for the duration of 24 hours and the return periods of 3 and 12 months. 
Table 2: When considering data uncertainty in DO measurements, a comparison of the proportion of the locations showing: no change in FIS exceedance count, a difference between 1 to 4 FIS exceedance counts, and a difference of more than 4 exceedance counts respectively.
	Change in FIS Exceedance count
	No change
	A difference of 1 to 4 exceedances
	A difference of greater than 4 exceedances

	1h1m
	0.68
	0.29
	0.02

	6h1m
	0.66
	0.22
	0.12

	24h1m
	0.73
	0.22
	0.05

	1h3m
	0.76
	0.22
	0.02

	6h3m
	0.71
	0.24
	0.05

	24h3m
	0.85
	0.14
	0.00

	1h12m
	0.66
	0.27
	0.07

	6h12m
	0.78
	0.22
	0.00

	24h12m
	0.93
	0.07
	0.00



3.1.4.2.2 Effect of data uncertainty in the UA on UA FIS exceedance count
Table 3 shows that by considering data uncertainty in the measurements needed to calculate UA, only 15-30% of locations will see no change in reported FIS exceedance count. The majority of the locations that show no change in exceedance count, originally also reported an exceedance count of zero. Of the 30 locations that reported at least 1 exceedance count without considering uncertainty for the 6-hour duration, only 6 locations reported at least 1 exceedance count when considering uncertainty. Of the 24 locations that reported at least 1 exceedance count without considering uncertainty for the 24-hour duration, none reported at least 1 exceedance count when considering uncertainty. The inability to capture even the worst performing locations under a UPM study, means that the uncertainty bandwidth is too large to distinguish FIS count exceedances for the 6 hour and 24-hour duration thresholds. 
Table 3: When considering data uncertainty in the measurements needed to calculate UA, a comparison of the proportion of locations showing:  no change in FIS exceedance count, a difference between 1 to 4 FIS exceedance counts, and a difference of more than 4 exceedance counts respectively.
	Change in FIS Exceedance count
	No change
	A difference of 1 to 4 exceedances
	A difference of greater than 4 exceedances

	1h1m
	0.17
	0.29
	0.54

	6h1m
	0.27
	0.27
	0.46

	24h1m
	0.44
	0.22
	0.34

	1h3m
	0.17
	0.29
	0.54

	6h3m
	0.29
	0.24
	0.44

	24h3m
	0.51
	0.22
	0.27

	1h12m
	0.15
	0.26
	0.58

	6h12m
	0.29
	0.27
	0.44

	24h12m
	0.56
	0.26
	0.20



3.1.4.2.3 Effect of parameter uncertainty A on UA FIS exceedance count
In this section, only the impact of parameter uncertainty related to parameter A for UA has been shown, as the impact of parameter B, was shown to be minimal, see Figure 2. 
A 5% change in parameter A was considered pragmatic given the results of the sensitivity study reported in Fig 1b. Even at this estimation, there is considerable impact on FIS compliance estimations. With longer return periods the number of locations impacted decreases, whereas the number of locations impacted increases with longer duration (Table 4). The largest impact is on the largest return period and shortest duration (24h1m) discharges where almost 80% of locations had a FIS exceedances increase by over 4. Alternatively, it is the small infrequent (1h12m) discharges that are least impacted, where just over 80% of locations show no change. One of the largest differences, however, between the effect of data uncertainty and parameter uncertainty is the effect on locations that without considering uncertainty report a zero FIS exceedance count. Whereas data uncertainty does not affect these locations particularly, parameter uncertainty does. Just 17% of locations which reported a zero FIS exceedance count for the 1h1m return period retain zero exceedances when considering uncertainty. However, as the return period increases so does the percentage of locations which retain zero exceedances when considering uncertainty.


Table 4; When considering parameter uncertainty associated with parameter A  in equation 1, a comparison between the proportion of locations showing: no change in FIS exceedance count, a difference between 1 to 4 FIS exceedance counts, and a difference of more than 4 exceedance counts respectively.
	[bookmark: _heading=h.ryeuxwkcfdej]Change in FIS Exceedance count 
	No change
	A difference of 1 to 4 exceedances
	A difference of greater than 4 exceedances

	1h1m
	0.61
	0.27
	0.10

	6h1m
	0.41
	0.17
	0.41

	24h1m
	0.12
	0.10
	0.78

	1h3m
	0.76
	0.12
	0.10

	6h3m
	0.66
	0.20
	0.15

	24h3m
	0.53
	0.07
	0.41

	1h12m
	0.83
	0.05
	0.05

	6h12m
	0.70
	0.20
	0.10

	24h12m
	0.56
	0.12
	0.32


 
3.1.5 Discussion 
The results of the FIS analysis shows that both data uncertainty and parameter uncertainty can alter the final FIS exceedance count and, in many locations, considerably. Therefore, the implications of data uncertainty and parameter uncertainty should not be ignored, and guidelines should be updated to include the implications of such uncertainty, not just simply an acknowledgement of the existence of uncertainty. This paper also demonstrates that for current BAT there are locations where the effect of both data and parameter uncertainty is of a magnitude where a reasonable argument can be made that obligatory requirement to assess ‘no local adverse ecological impact’ by achieving the FIS (DEFRA, 2024, pp. 34) is often not reasonably possible. The argument follows that if there is a large variation in possible FIS exceedances then one cannot be confident in assessing what the “true” number of FIS exceedances experienced in the receiving water.
3.1.5.1 Data Uncertainty  
The data related uncertainty in both DO and TA considerably impacts on FIS exceedance counts. The no change column in Tables 4 and 5 represents the percentage of locations where the assessment of harm would not change if the industry began to start considering uncertainty. Hence where the current requirements of BET as proposed by the Interim Technical Standard on the Continuous Water Quality Programme is suitable. For DO this is around 70-80% of locations, and for TA this is only around 20-30 % of locations. 
The impact of data uncertainty in TA uncertainty on the UA FIS exceedances count is more substantial than the impact of DO data uncertainty on the DO FIS exceedance count. This is as expected given the magnitude of difference in capabilities between the two sensors (Table 1). It should be noted that the 41 locations in this study come from UPM studies, therefore there is a bias in the dataset as these locations have a perceived problem and may not be representative of all overflows that will need to be monitored to comply with S82 of the Environment Act (2021). For the proportion of locations with between ± 1 to 4 exceedances in Tables 4 and 5 it would mean a change in the binary decision around harm for the return period of 3 and 12 months. For the 1 month return period then up to one third of allowed exceedances may be accounted for uncertainty.
For the proportion of locations showing a difference of more than 4 exceedances, it is deemed that uncertainty means it is not reasonably possible to determine environmental harm from the dataset for any duration or frequency of return period. For the TA sensor roughly 45-55% of locations fall into this category, emphasising the fact that current BET is not suitable for UA FIS analysis and further work is required in improving the accuracy of the TA sensor.
Understanding the difference shown between locations is important as it implies that if the industry intends to enforce uniform rules regarding uncertainty, such as accepted ± ranges as set out in DEFRA’s Technical standards (DEFRA, 2024), the accepted uncertainty needs to be applicable needs to be determined by the behaviour of the most sensitive location. Alternatively, the industry needs to move away from uniform rules and create a more in-depth approach to uncertainty where there are multiple levels of accepted uncertainty ascribed to different locations, based on expected impact on FIS and not based on current BAT uncertainty ranges. This approach still does require some investment for the improvement of BAT particularly for the TA sensor, but current technology should allow the assessment of environmental harm in locations less sensitive to uncertainty in the short-term. 
This work also illustrates that data uncertainty affects FIS duration and return period differently. For both DO and TA, shorter duration exceedances (1 hour) and shorter return period (1 month) are more susceptible to uncertainty. This has implications when considering the effects of uncertainty in the long term. Currently environmental harm occurs most commonly from short-frequent events, which is most susceptible to uncertainty. However, in the future if more intense rainfall increases the likelihood of events currently deemed ‘infrequent’ (see Met Office, 2020), these storm events are less susceptible to uncertainty in the water quality data in the determination of environmental harm. 
3.1.5.2 Parameter Uncertainty  
The Interim Technical Standard on the Continuous Water Quality Programme assessment of uncertainty only focuses on data uncertainty not parameter uncertainty.  This work shows that parameter uncertainty in equation 1 can considerably alter the UA values and change the FIS exceedances count. Therefore, it should be considered alongside the impact of data uncertainty.  
The number of locations that can be identified as ‘complying with FIS’ has an important implication for the locations that do not. This is in part as sewerage undertakers’ capacity is limited but as the number of individuals with appropriate technical capabilities are limited, so any locations that do not need further attention in designing, constructing or maintaining solutions allows more resources to be allocated to locations that do. Whereas data uncertainty did not significantly alter the number of the locations that reported no exceedance, parameter uncertainty (specifically parameter A) in the Emerson equation did (Equation 1). The Emerson equation therefore should be used with caution in the form presented in Equation 1. In locations, which is around 20% of locations used in this paper (Table 4), where it is shown that parameter A may increase FIS exceedance count, parameter A should be re-calibrated, so a location specific equation is used. Having a calibrated parameter A, reduces the predicted uncertainty bandwidth, thus allowing an understanding on whether it is reasonable to assume an exceedance possibly occurred at this location. This allows confidence that locations that show zero exceedance did not cause harm. 
It is anticipated within the industry that as more investment is allocated to the management of storm overflows for target 1 (the water quality requirement) and target 3 (the frequency requirement) of the Environment Act (2021), the percentage of locations falling into this category of ‘passing FIS’ is only expected to increase. Thus, long term, it makes the importance of parameter uncertainty more important than data uncertainty. One way to deal with this, as previously stated, is to have a calibrated version of equation 1 for certain locations. This approach would need a careful explanation to all stakeholders, including the public, as to why the same sensors have different equations to convert TA to UA. An alternative solution is to develop direct UA sensors. This would eradicate any consideration being given to parameter uncertainty as equation 1 would not be needed to complete a FIS analysis.  
3.1.5.3 Regulating the sector
Understanding the effect of uncertainty on the determination of environmental harm has implications for regulating the sector. The Water (Special measures) Act 2025 allows the EA to impose automatic and severe fines for causing environmental harm (DEFRA, 2025b). It aims to achieve this through first lowering the standard of proof from ‘beyond reasonable doubt’ (the criminal standard of proof) to ‘on the balance of probabilities’ (the civil standard of proof). By not considering uncertainty effect on FIS exceedance counts at all such as in DEFRA’s Technical standards (DEFRA, 2024), there could be an argument that even the lower civil standard of proof has not been met. The UK legal framework should always allow the null hypothesis (in this case the idea that environmental harm has not occurred) to be considered even if quickly refuted. But secondly the Water (Special measures) Act 2025 calls for the automating of the process resulting in fixed monetary penalties for certain offences. The current monitoring technology and FIS methodology means that two locations which have the same impact on the environment will return different FIS compliance results due to sensitivity of the sensor and data processing.   
3.1.6 Conclusion 
[bookmark: _Hlk201581125]This paper concludes that as both data and parameter uncertainty can alter the final DO and UA FIS exceedance count, this uncertainty can alter one's understanding of whether environmental harm has occurred or not. This paper also demonstrates that for current BAT there are locations where the effect of uncertainty is of such a magnitude, that an argument can be made that obligatory requirement to assess ‘no local adverse ecological impact’ by achieving the FIS is not reasonably possible. This is observed for both the DO and UA FIS exceedance counts. For the continuation of the conversion of TA, pH and temperature into UA, equation 1 needs to be re-calibrated at sites that are highly sensitive to uncertainty. However, long term the development of a direct measurement of unionised ammonia may be deemed more beneficial.   


[bookmark: _Hlk201822011][bookmark: _Hlk201759390]Chapter 3.2 Risk, Thresholds and Season Variability  
3.2.1 Introduction 
Section 3.1 is based on a paper aimed at the water industry, with the main purpose to demonstrate that both data and parameter uncertainty can alter the final DO and UA FIS exceedance count, and that this can alter one's understanding of whether environmental harm has occurred or not. For the sake of sticking to a short and clear message, the paper did not consider uncertainty associated with, risk appetite, the FIS thresholds themselves or seasonal differences. These considerations will be explored in this section, which aims to answer three questions: 
1. Can risk appetite alter the final FIS exceedance count? 
2. Can uncertainty which associated with the threshold impact the final FIS exceedance count? 
3. Can seasonal difference impact a locations sensitivity to uncertainty and risk appetite? 
3.2.1.1 Consideration as to whether probability of not causing harm is ‘reasonable’
As a result of the methodology outlined in section 3.1.3, threshold exceedances are only counted when the entire manufacturer’s accuracy specification bandwidth exceeds the threshold for the set duration. This means that the location can be at or around the point of defined harm for over the set duration, but if there is still some chance, however low, that the threshold was not exceeded before the set length of duration, then no exceedance is counted. This makes exceedances from the long duration (6 and 24 hours) FIS standards essentially non-existent even at locations where one would conclude significant levels of harm occurred if observing the data without considering uncertainty. Whereas this by itself is not a criticism of the methodology, as the chance that harm did not occur plays an important role in regulating the sector; but the inability for the user of the data to consider whether that chance of not causing harm is ‘reasonable’ is a criticism of the methodology. Therefore, it is proposed that one should not consider uncertainty without also considering risk. 
Risk is expressed as the possibility of different outcomes due to uncertainty within a decision (Asadi et al., 2021). The overarching decision is the binary one of whether environmental harm has occurred. The possible outcome is the belief that harm has, or has not, occurred. Even if one is under the impression that environmental harm ‘may’ have occurred, it will still need to be treated as either causing harm or not. The UPM FIS procedure is quite clear in distinguishing these two outcomes. The difference between locations that have and have not caused environmental harm is the surpassing of the frequency allowance of FIS exceedances in the defined period of one year. Thus, it is the impact of uncertainty on assessing whether individual exceedances are counted or not is what has the influence of resulting in a different outcome. 
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Figure 3. Illustration of application of two different risk appetites (20% or 0.2 and 5% or 0.05), when considering compliance analysis based on uncertain data (where uncertainty is expressed as a normal probability distribution, with recorded parameter as mean, and the manufacturer’s accuracy specification bandwidth being two standard deviations from the mean).
Instead of the randomly choosing points on the normal distribution, as described by the methodology outlined in the paper, risk appetite has been conceived as the user of the data choosing where on the distribution they wish to consider. In Figure 3 the recorded value is 3.89 mg/L for DO. If the normal distribution is applied in the same way as presented in section 3.1.3, the upper and lower accuracy bandwidth (± 0.2 mg/L at 3.69 mg/L and 4.09 mg/L respectively), would be two standard deviations away from the mean (the recorded value) and account for 95% of the data within that manufacturer’s accuracy specification bandwidth. The proportion of the graph before the point chosen is the percentage chance the user is willing to accept that harm might have occurred. Risk averse individuals or organisations would wish to consider the possibility of lower DO and more elevated UA, as this increases the likelihood of an exceedance whereas risk taking individuals wish to consider the opposite. Hence using the method described in this section, the concept of risk appetite could be applied to the parameter uncertainty, thereby allowing the user to make an explicit consideration as to whether a certain probability of not causing harm is ‘reasonable’. 
The risk appetite of an individual is evident of which side of the recorded value the individual choses. The values closer to the threshold (in the case of DO, a lower value than the recorded value) is risk averse. The values further away from threshold are risk taking. The risk profile is the point of the graph the individual choses. For example, 0.2 or 0.05, both of which would be characterised as risk averse. 
3.2.1.2 Consideration of Uncertainty associated with thresholds 
One simplification in the methodology outlined in section 3.1 is that it takes the thresholds calculated as not being impacted by uncertainty. This is not the case. As described in the UPM procedure (see FWR, 2018) the data collected is needed to calculate the FIS thresholds, which are therefore impacted by uncertainty associated with the data.  The DO threshold is calculated using the measured UA values and the UA threshold is calculated using measured DO, pH and temperature values. According to the UPM procedure the threshold will either be in the base condition for the set duration and return period, or in an altered position. The DO threshold may increase, but only by a maximum of 2 mg/L and the UA threshold may decrease.  To consider uncertainty associated with threshold, the methodology developed to incorporate risk will be applied firstly on just the measured dataset, then just on the threshold and lately on both the measured dataset and the threshold. 
3.2.1.3 Consideration of seasonal impact on locations sensitivity analysis 
Section 3.1 used different lengths of the datasets, with some being over 12 months and other being over 6 months and did not consider whether this had any effect on deciding if locations are sensitive to uncertainty. This is firstly important for determining in the future, how long a monitor needs to be in site before uncertainty analysis is carried out, but also if you want to consider how sensitivity to uncertainty may be applied in the future under changing seasonal patterns. This work will separate datasets into two categories: winter (between the months of September to February) and Summer (between the months of March to August).  The methodology explained in sections 3.2.1.1 and 3.2.2.1 will then be applied to the seasonal datasets. 
3.2.2 Results
3.2.2.1 Impact of uncertainty and risk on the threshold calculation 
The uncertainty associated with UA parameter is much larger than that of the DO, pH and temperature, so the effect of UA on the DO threshold is more than the effect of DO on the UA threshold. Figure 3 demonstrates this, by showing the DO and UA threshold calculated for location 11 if 0.6 (blue) and the 0.4 (orange) risk profiles are taken to account for data uncertainty in DO, TA, pH and temperature. The impact of selecting the different risk profiles is visibly different for the DO threshold, but not the UA threshold. However, due to the way the threshold calculation is set up (see UPM; FWR, 2018), the DO threshold is bounded to plus 2 mg/L of the base value, so there is a limit to the impact that UA data uncertainty has on the DO threshold. Alternatively, if a larger uncertainty was associated with DO, pH or temperature, the effect on the UA threshold could be more significant. This because when the threshold is in the ‘altered position’ from the base value it decreases to almost half of the base value or practically zero mg/L (Figure 4). 









Figure 4: UA threshold (left) and DO threshold (right), when calculated for either 0.6 (blue) or the 0.4 (orange) risk profiles are taken to represent uncertainty in DO, TA, pH and temperature. 
3.2.2.2 Impact of risk appetite on FIS exceedance counts 
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AI-generated content may be incorrect.]Figure 5 shows the impact that different risk bands have when uncertainty is considered both on the measured parameter of DO and on the DO threshold, for the nine different combinations of duration and return period. Figure 5 show the proportion of locations where there is an addition of more than four exceedances (purple), an addition of between 1 to 4 exceedances (light blue), no change in exceedance count (green), a removal of between 1 to 4 exceedances (orange) and a reduction of more than four exceedances (dark blue). The first thing Figure 5 shows is that the shorter the duration and return period the more sensitive FIS exceedance count is to uncertainty, with the green bar (the proportion of locations that observe no change in exceedance count from considering uncertainty) being the smallest in 1h1m and the largest in 24h12m. This has been indicated by the direction of the arrows. 
The next thing of note is that it shows that risk adverse profiles (0.2 and 0.4, shaded background light purple) are more likely to add exceedance (dark purple and light blue bars) whereas the risk-taking profiles (0.6 and 0.8, shaded light blue) are more likely to reduces exceedances (orange and dark blue bars). Sometimes a risk-taking profile will add exceedance, and a risk-adverse profile may reduce exceedance, as seen in 1h12m. This is because both the threshold and measured point have moved, meaning that when and for how long the threshold was exceeded may change. This can result in what was previously two exceedances merging to become one exceedance or vice versa. 
Finally, Figure 5 shows that the relationship between risk profiles and difference in exceedance counts is non-linear. If you take the 1h1m, the difference between the proportion of locations where uncertainty does not affect exceedance count decreases from around 0.68 to 0.63 for the risk-taking profiles of 0.6 and 0.8 respectively. When considering the proportion of locations in the green zone, increasing the risk profile by 0.2 in the risk-taking direction only affects 5% more locations, whereas increasing the risk profile by 0.2 in the risk-adverse direction affects 28% more locations.  
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Figure 5: The impact of uncertainty on the measured parameter of DO and DO threshold for nine different combinations of FIS duration and return periods for four different risk profiles (0.2 and 0.4 risk averse shaded purple, and 0.6 and 0.8 risk-taking, shaded light blue). In the Bar chat an addition of more than four exceedances is purple, an addition of between 1 to 4 exceedances is light blue, no change in exceedance count is green, a removal of between 1 to 4 exceedances is orange and a reduction of more than four exceedances is dark blue. 
Figure 6 shows the impact that different risk bands have when uncertainty is considered both on the calculated parameter of UA and the UA threshold, for the nine different combinations of FIS duration and return period. When compared to DO (Figure 5), UA (Figure 6) is more impacted by uncertainty. By considering the size of the green bar (the proportion of locations that observe no change in exceedance count from considering uncertainty), it shows shorter duration and return period is most sensitive to uncertainty. However, if one just considers the 1 month return period (the top row), for the risk-adverse profiles (0.2 and 0.4, shaded by light purple), it appears that the longer duration is more impacted that the shorter durations, shown by increase in the dark purple bar (addition of more than 4 exceedance counts). 
Figure 6 shows that the risk averse profiles are highly non-linear. If you take the 24h1m, the difference between proportion of locations that uncertainty does not affect exceedance count decreases from around 0.42 to 0.40 for the risk-taking profiles of 0.6 and 0.8 respectively.  When considering the green zone, increasing the risk profile by 0.2 in the risk-taking direction, only affects 2% more locations, whereas increasing the risk profile by 0.2 in the risk-adverse direction affects 42% more locations.  
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Figure 6: The impact of uncertainty on the calculated parameter of UA and UA threshold for nine different combinations of FIS duration and return periods for four different risk profiles (0.2 and 0.4 risk averse shaded purple, and 0.6 and 0.8 risk-taking, shaded light blue). In the Bar chat an addition of more than four exceedances is purple, an addition of between 1 to 4 exceedances is light blue, no change in exceedance count is green, a removal of between 1 to 4 exceedances is orange and a reduction of more than four exceedances is dark blue. 

3.2.2.3 Impact of data uncertainty on Threshold, and implications for FIS exceedance count 
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Figure 7 The impact of uncertainty on the measured parameter of DO (1), the impact of DO and uncertainty on the DO threshold (3), the impact of uncertainty on the calculated parameter of UA (4), the impact of uncertainty on the UA threshold (5) and the impact of uncertainty on the calculated parameter of UA and the UA threshold (6) for FIS exceedance count of 1 hour duration and 1 month return period for four different risk profiles (0.2 and 0.4 risk averse shaded purple, and 0.6 and 0.8 risk-taking, shaded light blue). In the Bar chat an addition of more than four exceedances is purple, an addition of between 1 to 4 exceedances is light blue, no change in exceedance count is green, a removal of between 1 to 4 exceedances is orange and a reduction of more than four exceedances is dark blue.
Figure 7 shows the impact of data uncertainty on the threshold, as well as the impact of data uncertainty itself, both in combination with different levels of risk profiles have on the 1h1m FIS exceedance counts. In the risk adverse side (0.2 and 0.4, shaded background light purple), the proportion of locations affected by uncertainty increases significantly when considering the uncertainty associated with the threshold (2 and 5) when compared to considering uncertainty on the measured and calculated parameter (1 and 4) for both DO and UA. Nevertheless, on the risk-taking side (0.6 and 0.8, shaded background light blue) there is minimal difference for DO and for UA the measured value decreases exceedances more drastically than considering uncertainty on the UA threshold. For both DO and UA, the largest difference in exceedance counts is observed when you consider both uncertainty on the measured value and the threshold (3 and 6). 



3.2.2.4 Impacts on seasonal variability on locations sensitivity to data uncertainty and risk  
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Figure 8: The impact of uncertainty on the measured parameter of DO and the calculated parameter UA for the return period of 1 hour 1 moth for the seasons of Winter and Summer for four different risk profiles (0.2 and 0.4 risk averse shaded purple, and 0.6 and 0.8 risk-taking, shaded light blue). In the Bar chat an addition of more than four exceedances is purple, an addition of between 1 to 4 exceedances is light blue, no change in exceedance count is green, a removal of between 1 to 4 exceedances is orange and a reduction of more than four exceedances is dark blue. 
The analysis showed that for both DO and UA (see Figure 8), exceedances that happened in the summer months (March to August) were more sensitive to uncertainty. But were pattens observed in relation to impact of uncertainty in the threshold and uncertainty in the data, on the FIS exceedance counts for different return period and duration. 
3.2.3 Discussion 
3.2.3.1 Risk
If risk is taken to be the possibility of a negative consequence (Asadi et al., 2021), then the UPM manual is vital to understand the UK approach to risk for SO discharges, even if risk is not specially stated in there. The UPM manual, took the negative consequence of SO as environmental harm and produced a ‘scientific’ procedure to determine harm in FIS. Thus, any discharges that did not meet the criteria of harm, was deemed acceptable. Then the roll out of UPM studies in practice were financially prohibitive due to the detail described in the UPM procedure, so were done in small numbers. Thus, an argument can be made that risk of harm at sites not studied was accepted. But in terms of sites that did perform FIS, the biggest indicator of whether following the UPM manual was risk averse or risk taking, is EA (2012) review of FIS to see whether it suitable for use indicator of losing good ecological status under Water Framework Directive. The fact that safety factors were applied to the thresholds in UPM FIS, to prohibit situations closes to the realisation of the environmental harm, implies it is risk-averse in nature. 
There may be an argument therefore that the Storm Overflow Discharge Reduction Plan (SODRP) takes a broader appreciated to harm. That it is no longer simply acceptable to not cause environmental harm, but that negative consequences of SO discharges should also include the public perception of exceeding acceptable levels of pollution. It can also be argued that the area of most risk-accepting behaviour occurred, at sites not studied, is no longer allowed to exist with the Environment Act 2021 requiring monitoring at virtually all assets. Therefore, implying that UK may be moving into a more risk-averse environment in regard to SO discharges. If this is true, then particularly for UA, the extent to which companies choose to be risk adverse could drastically alter a location’s FIS exceedance count (see the difference between the purple area of the graph between risk appetite 0.2 and 0.4 in Figure 6). Therefore, this choice to the extent of the move towards risk-aversion has financial but also reputational implications for the water companies. 
Considering risk appetite can also limit the number of locations that are deemed not suitable under the current BAT technology, to be held against FIS in order to determine environmental harm. Section 3.1, using a random number of the normal distribution, found that between 70% to 80% of locations, the current BAT to monitor UA were non-suitable. This work also shows that if you take a modest level of risk aversion (0.4), that the number of locations where BAT to monitor UA is unsuitable reduces to between 40% to 60% of locations, and that is with the additional impact of considering the uncertainty associated with the threshold. Nevertheless, the underlying message of section 3.2 is that FIS exceedance count can be altered drastically by the levels of uncertainty associated with current BAT, and that this is not eradicated when explicitly accounting for different levels of risk appetite. Even modest risk appreciation levels (0.4 and 0.6), there are location where the exceedance count is affected by uncertainty for DO and UA on both the measured or calculated parameter and the associated uncertainty with the threshold. 
As the same risk appetite on DO and UA produces different sensitivity profiles to uncertainty it may be deemed acceptable for water companies to choose difference risk appetite for different parameters. The difference in the sensitivity profiles observed between Figure 5 and 6 is attributed to the difference in sensing capabilities between the DO and TA sensors. 
The risk appetite per location may also be influenced by other priorities of the water companies. For instance, locations of recognised national beauty, or locations upstream of bathing water sites, or areas where there is increased public scrutiny may be attributed to a more risk-adverse profile. Where sites that are deemed of low significance, whether due to being locations where discharges are unlikely to cause harm or sites out of view from the public, may be attributed a comparably more risk-taking profile. A more risk-taking profile may not necessarily be on the risk-taking side (shaded blue in Figures 5, 6, 7 and 8), though it may be. Alternatively, a water company may wish to adopt the public stance that all their overflows are treated equally and hence adopt a universal risk approach, irrespective of a location’s sensitivity to risk or public opinion. It is expected that the different water companies will develop their own risk approach depending on company priorities. There is also the possibility that the environmental regulator, the EA, may impose guidelines of appropriate an inappropriate level of environmental risk which water companies must stay within. 
3.2.3.2 Threshold
The fact that considering only the impact of data uncertainty on the threshold is larger than considering the uncertainty associated with the measured data on its own, implies that the threshold needs to be considered in uncertainty analysis. Interestingly the impact of the DO uncertainty (± 0.2 mg/L) has just as a significant an impact on the UA FIS count as the TA uncertainty (± 2 mg/L) on the DO FIS count, even though being an order of magnitude different. This is believed to be due to the way the DO and UA thresholds are set up in the UPM FIS methodology. The DO threshold has a condition that the maximum difference it can be from the base value (found in the look up table in the UPM manual) is plus 2 mg/L. Whereas the UA threshold jumps from the base value to a middle value point and then to almost practically zero mg/l (see Figure 4). Consequently, a small difference in DO, can create a large difference in the threshold and that difference in threshold can then have impact on the final FIS exceedance count. 
3.2.3.3 Seasonal
The fact that summer months were deemed more sensitive to uncertainty was surprising. It was supposed that the winter months would be most sensitive to uncertainty, which was found to be incorrect. This hypothesis was based on higher water level in the river being common in winter, attributed to winter rainfall (Met, 2020).  With higher water levels, the concentrations of pollutants being discharged into the river would have higher dilution rates and hence it was thought these concentrations are more likely to be closer to the threshold. Being close to the point of harm because of dilution, it was thought that uncertainty would have a larger impact as it could move the parameter from just exceeding the threshold to not exceeding the threshold or vice versa depending on the risk appetite. Therefore, impacting the final FIS exceedance count. This was not observed in the sensitivity analysis. 
Alternatively, it is proposed that it is the length of discharge not the dilution that is responsible for seasonal differences. That in winter, if the length of the exceedance is longer, due to snow melt and raised water tables providing longer periods of excess water into the sewer network, then even if uncertainty altered the start and end time of the exceedance, it does not change the condition of if 1 hour, 6 hours or 24 hours have been meet. Therefore 1 FIS exceedance is still counted. Whereas if in summer, the exceedance counts are closer to the duration condition of FIS, the uncertainty could change whether the FIS exceedance is counted or not. Further work therefore is suggested seeing if there is a link between uncertainty and the length of duration based on the EDM data. If this is true as an explanation to why there is this seasonal difference, then changing rainfall patterns in the UK, with rainfall predicted to fall over shorter periods of time in the summer (Met, 2020) could exacerbate the differences observed between winter and summer in the future. 
3.2.4 Conclusion 
Allowing the user the ability to decide whether the chance of not causing harm is ‘reasonable’ should be an essential element of the FIS exceedance analysis. It is proposed that the user of the data states their accepted level of chance that harm might have occurred, by relating this to the position on the normal distribution curve. It is believed that the UPM-FIS procedure is risk-averse by nature, but generally in the UK there is a current trend towards a more risk averse stance. If this is true, this work shows that particularly for UA, the extent to which water companies choose to be risk averse could drastically alter a location’s FIS exceedance count. Both the uncertainty associated with threshold and with the season in which it was collected can affect final FIS exceedance count. Therefore, both should be considered when considering a location’s sensitivity to uncertainty. For both DO and UA, the impact of data uncertainty on the threshold can be as significant as simply considering data uncertainty on its own. The summer months were found to be more sensitive to uncertainty, which opposite of the expected result. It was proposed that it may be due to length of exceedance for this difference in exceedance counts, however this would need to be confirmed in further research. 


Chapter 4: Understanding Water Quality Monitoring Uncertainty for Intermittent Spill Compliance
This chapter is based on a paper submitted and under review to Water Research Journal. The first author is Philippa Mohan (candidate). The co-authors include Dr Alma Schellart, Professor Simon Tait and Professor Chris Digman.  
[bookmark: _heading=h.cbx5a91hx5e3][bookmark: _heading=h.557wtdk1ac9y]4.1 Abstract 
Ecological thresholds are often used in environmental protection regulations, particularly in the context of pollution control to prevent ecosystem damage. Threshold based environmental regulation regarding water quality standards for rivers are in use all over the world. One example of threshold-based regulation is the concentration-duration-frequency standards used in the UK to define if harm has been caused by intermittent sewer overflow discharges. The work presented here investigates the influence that uncertainty in data from water quality sensors, as well as individual risk profiles of water utilities and regulators can have on assessing compliance with water quality concentration-duration-frequency based standards. A new term was created called Parameter Threshold Ratio (PTR) to investigate the extent to which measured water quality concentration interacted with the regulatory threshold at different locations. The work investigates two different water quality parameters, dissolved oxygen and unionised ammonia. It is concluded that both uncertainty and risk appetite does influence the binary decision around the assessment of a location meeting regulatory compliance. It is demonstrated that a location's sensitivity to uncertainty and risk, as shown by using the new term PTR, has economic implications on both sensor selection and operation to perform regulatory assessment and size and type of mitigating solution required to prevent regulatory failure. 
[bookmark: _heading=h.gjdgxs]4.2 Introduction
The UN report (2019) on Environmental Rule of Law recognised that if the global intent was to stay within the constraints of critical ecological thresholds, it is vital that environmental laws are understood, respected and enforced. However, it also acknowledged that complying with environmental laws often depends on decisions being made under significant uncertainty. Ecological thresholds are defined as the system condition at which a relatively small disturbance from external pressures causes rapid change in an ecosystem (Groffman et al., 2006). They represent the situation in which a non-linearity of response is experienced by the ecosystem. Sometimes, once a threshold is surpassed the ecosystem may no longer be able to return to its original state; for example, when organisms are killed or lose the ability to reproduce. Therefore, ecological thresholds are often used in standards set in environmental protection regulations, particularly in the context of pollution control with the aim to limit or prevent ecosystem damage. Understanding how measurement uncertainty may impact threshold based environmental regulation is hence important to help make better informed decisions on whether ecological thresholds have been exceeded and ensure the effective enforcement of environmental laws. 
Threshold based environmental regulation regarding water quality (WQ) standards for rivers can be seen all over the world. Threshold-based regulation within Europe is used for both the Urban Wastewater Treatment Directive (2024) (2024/345/EC), which set limiting the pollution from storm water overflows to no more than 2% of the annual collected urban wastewater load and in the Environmental Quality Standards Directive (2008) (2008/105/EC), setting priority substance standards relevant for assessments of the Water Framework Directive. These are examples of two different ways for setting thresholds in environmental regulation, the first being focused on the operating capacity of the system and the other being based on the impact of pollutants upon receiving waters. In the United States of America effluent limitations, typically expressed as mass loadings or concentrations, are set under Title III: Standards and Enforcement of the Clean Water Act (EPA, 1977). These standards are based on the performance of treatment and control technologies. In Canada, The Wastewater Systems Effluent Regulations (2012) (SOR/2012-139) under the Fisheries Act aims to reduce the threats to fish, fish habitat and human health and therefore are impact based. Threshold based regulation is also prominent in Asian countries, such as the Surface Water Environmental Standards (2002) (GB3838-2002) in China and the Environmental Quality Standards (1993) for the conservation of the living environment established under section 3 The Basic Environmental Law (1993) in Japan. 
In the UK, threshold-based approaches (Fundamental Intermittent Standards, FIS) are also used (FWR, 2019). FIS defines the critical thresholds for pollution control of intermittent discharge from urban drainage systems and consists of a series of concentration-duration-frequency criteria for Dissolved Oxygen (DO) and Un-ionised Ammonia (UA). These criteria are directly related to pollution levels which can cause unacceptable stress in receiving water ecosystems. The values of critical concentration-duration thresholds are based on a laboratory program which investigated the relative importance of concentration levels, duration of exposure, and frequency of occurrence during periods of short-term exposure to salmonid and cyprinid fish, reported by Milne et al. in 1992 (FWR, 2019). The FIS approach is deemed appropriate by England’s environmental regulator (EA, 2012), to ensure no environmental harm occurs in receiving water bodies. This WQ regulation thus considers environmental harm as a binary problem; either the water course has passed or failed. FIS is just one example of a threshold-based environment regulation that links the standards to be measured against the scientific understanding of when irreversible environmental harm will occur in an ecosystem. 
The potential for environmental harm from urban drainage systems could be exacerbated due to climate change, with extreme rainfall resulting in a longer duration or a higher frequency of intermittent discharges (Bizer & Kirchhoff, 2022). Long periods of dry weather could furthermore reduce river discharge and thus increase concentrations of the pollutant load. Potential increases in sewage base flow, as a result of population increase (Mahaut & Andrieu, 2019) will also increase the potential for environmental harm related to intermittent discharges. Intermittent discharges are just one of several sources contributing to poor surface WQ, most notably agricultural runoff (see He et al., 2023). 
Considerable investments are made, globally, to maintain and upgrade urban drainage assets to reduce the total load of pollutants entering and causing environmental harm on receiving waters. Before recent technological advances and the “internet of things” allowing the fast transfer of data over large spatial scales, WQ data collection relied on infrequent site visits to collect discrete river water samples and bring these to an accredited laboratory for analysis. This meant that any data driven environmental harm assessment process was slow, expensive and reactive. Often coarse temporal time steps meant that the sampled data failed to reflect the environmental impact from intermittent polluting discharge events (Cristiano et al., 2017). 
It is now technologically feasible to produce an annual representation of WQ in a river solely from multi-location “continuous” WQ measurements. The cost of sensors and transferring and storing the data has over the last couple of decades significantly decreased in price, although the scale of monitoring needed, and installation and maintenance costs are often still prohibitive. However, in the UK the assessment processes for identifying when intermittent discharges from urban drainage systems have caused environmental harm is currently changing due to a shift in legislation. Large-scale WQ monitoring schemes are now mandatory in order to provide a data based regulatory approach. This can be seen in UK’s Environment Act (2021), Article 82 which requires event duration monitoring and “continuous” WQ monitoring both up and downstream of virtually all storm overflows (SOs) and treatment work outfalls by 2035. 
In adopting a new data-based approach to regulatory compliance, consideration must be made to data uncertainties. The sensors installed to measure WQ parameter concentration have uncertainty levels. There are differing sensor capabilities, with differing uncertainty levels. For instance, the parameter of dissolved oxygen can be measured either by electrochemical or optical sensors, if considering in-situ measurements (Wei et al., 2019). These alternative sensor types fundamentally assess dissolved oxygen using different methodologies; therefore, introducing uncertainty in separate ways. Nevertheless, some uncertainty related to the manufacturer’s specified level of sensor accuracy is impossible to eliminate and therefore must be considered when using collected WQ data, especially when assessing regulatory compliance.
Uncertainty and risk are intrinsically linked and to evaluate the implications of uncertainty, risk must also be considered (Toma et al., 2012). Risk is normally understood to be the possibility of different outcomes due to inherent uncertainty within a decision (Asadi et al., 2021). The ISO guidelines for risk management (2018) specify the amount and type of risk that an organisation may allow, it should be explicitly written down and communicated relative to desired objectives. In the context of the water sector, one desired objective is regulatory compliance. 
It is believed that the water sector in the UK, due to its working culture of strict regulation and regulatory financial penalties would be risk averse. However, most of the research on the risk attitudes in the water sector is associated with drinking water standards (Pollard et al., 2008) not managing events that may cause environmental harm. In the context of environmental harm from intermittent discharges polluting receiving surface waters, this risk is that the represented value of the DO or UA from either monitored or modelled data, is presented as a value that causes less ecological harm to the river ecosystem than the ‘true’ value of the parameter in the river. This poses environmental risk for the river system, but also the risk of ineffective solution design, regulatory financial penalties and reputational damage to the water utility. 
The drive to more monitoring to assess ecological harm caused by intermittent discharges, will require the widespread installation of in-situ sensors to monitor specified WQ parameters. If the full benefit of widespread monitoring is to be realised, there is a need for better understanding and tools to assess uncertainty and risk. This study chose to use the UK specific FIS regulation as an example of an environmental threshold-based regulation, however, the methodologies developed here can be used to consider other threshold-based standards. This work aims to investigate the influence that uncertainty in multi-parameter WQ sensors and the risk profile of water utilities can have on the assessment of whether water bodies meet WQ concentration-duration-frequency based regulatory standards. To achieve this aim, the following three questions will be answered: 
4. Do different locations in a receiving water body show different sensitivity to monitoring uncertainty when considering the same regulatory thresholds?
5. To what extent does an individual’s or organisation’s approach to risk influence the observed uncertainty effects evidenced in the question above?
6. Can a more rational approach to monitoring uncertainty and deciding upon compliance risk lead to more robust environmental protection of receiving water bodies?
[bookmark: _heading=h.iurdrmk1kisx]4.3 Methodology 
[bookmark: _heading=h.hc0m693vguvq]4.3.1 Water quality sampling
This study used a WQ data set collected for a number of Water Framework Directive (WFD) studies in the UK, from 41 locations across seven rivers and two water utilities in the North of England between September 2019 and September 2023. The sampling locations were in both urban and rural areas. Thirty-eight of the locations had a known SO located upstream which discharged multiple times during the sampling period. For each location, dissolved oxygen concentration (DO), total ammonia (TA) concentration, pH and temperature were measured using multi-parameter sensors. Sampling was continuous at a measurement frequency of five minutes, and 12-month duration at each location. The data sets were numbered 1 to 41, the first 19 were used to develop the concept, which was then applied to the other 22 locations. Most locations did have some missing data, but no location was found to have more than 0.05% of the timeframe missing, in which case the data was linearly interpolated. For the FIS assessment, unionised ammonia (UA) concentration values are calculated using Equation 1 based on the Emerson et al. (1975) study into relationships between unionised ammonia (UA), ammonium, pH and temperature: 

           UA (mg/L) = NH4 (mg/L)/ (1+10 (10.055-(0.0324*Temperature(˚C))-pH)))               Equation 1 

[bookmark: _heading=h.k42vxz7026bj]4.3.2 Threshold Determination 
The Fundamental Intermittent Standards (FIS) use pollutant concentration, duration of exposure, and frequency of emission, to assess ecological harm in a receiving river as a result of intermittent discharges from an overflow (FWR, 2019). The concentration thresholds are dynamic and divided into two parts, FWR (2019). The first is a base value, which is the point at which the WQ parameter exceeding the threshold will cause harm to the ecosystem regardless of the state of other WQ parameters within the system. However, the toxicity of DO and UA may change depending on the values of other WQ parameters (FWR, 2019). Secondly, FIS calls for modification factors to be applied once certain conditions are met to better define harm (Appendix A.1 of FWR, 2019). Another component is duration. An exceedance of FIS is counted when the concentration of DO or UA breaches its allowable threshold for a set duration. The final component is frequency, where the exceedances of the threshold (concentration combined with duration) are summed over a 12-month period. 
[bookmark: _heading=h.itxmxs4t1e4g]4.3.3. Monitoring Uncertainty.
In this study sensor accuracy is defined as the absolute deviation from the measured WQ parameter value to the true parameter value. The accuracy for DO can be directly taken from Table 1 section 3.1, which shows the manufacturers accuracy specification for the sensors used in this study. It is assumed that the distribution of the sensor accuracy can be described by a normal distribution. This is in line with established literature on how to handle data uncertainty (see Delectic et al., 2012).  It was assumed that the mean is recorded by the DO sensor, and the upper and lower bands of the manufacturer’s accuracy range are the equivalent of two standard deviations. Therefore, 95% of the ‘true’ values would fall within the accuracy band quoted by the manufacturer (see ISO, 2009). Figure 9 illustrates a visualisation of this normal distribution for a single instance in the “continuous” time series, in relation to the regulatory threshold. A similar approach was taken for the other three measured WQ parameters Ammonium, pH and Temperature. 
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Figure 9: A visualisation of the probability distribution of DO values at a single time instance in the collected DO time series, the arrows point to the 2.5 percentile, the mean and the 97.5 percentile respectively. 
UA is calculated from Ammonium, pH and Temperature (Equation 1). The largest accuracy bandwidth reported in Table 1 (section 3.1) is the Ammonium sensor, with an accuracy range of ± 2.00 mg/L. As the datasets typically reported Ammonium in the range of 0-4 mg/L, a value less than 2 mg/L would provide a negative value for Ammonium when taking the uncertainty due to sensor accuracy into account. Negative values are physically impossible, and hence the normal distribution was truncated at 0 mg/L. 
This work wants to test the impact of the uncertainty due to different sensor quality; hence other hypothetical sensor accuracy bandwidths have also been investigated (Table 5). 









Table 5: The hypothetical sensor accuracy and associated standard deviation investigated for both Dissolved Oxygen and Ammonium (mg/L)
	Hypothetical Sensor Accuracy for Dissolved Oxygen and Ammonium (3sf)
	Associated standard deviation (3sf)

	± 0.13 mg/L
	0.056 mg/L

	± 0.20 mg/L
	0.100 mg/L

	± 0.40 mg/L
	0.200 mg/L

	± 0.33 mg/L
	0.165 mg/L

	± 0.50 mg/L
	0.250 mg/L

	± 1.00 mg/L
	0.500 mg/L

	± 1.33 mg/L
	0.665 mg/L

	± 2.00 mg/L
	1.000 mg/L

	± 4.00 mg/L
	2.000 mg/L



[bookmark: _heading=h.1mgl82nwaddo]4.3.4 Implications of Monitoring Uncertainty combined with Risk Profiles on determining compliance.
Monte Carlo simulations have been carried out to investigate the potential impact of sensor uncertainty combined with water utility risk profiles for analysing compliance with FIS. From the normal distributions created at every timestep for DO and Ammonium, with the recorded value assumed to be the mean, and the associated standard deviations from Table 5, 10,000 values were randomly selected. Each of these 10,000 values are then ascribed as being either above or below the regulatory threshold, and the values ascribed as below the threshold are then counted and divided by 10,000 to create a probability of exceeding the threshold at that time. For example, if 2400 values were recorded as exceeding the regulatory limit it would be considered to have a 24% chance of exceeding the regulatory limit.  This process is repeated for each time point in the time series.  
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Figure 10; Bar chart illustrating probability at each timestep of exceeding the DO regulatory threshold for an event at location 3.
The risk profile, in this context, is defined as the probability of a WQ parameter exceeding the threshold. In Figure 10 taking a risk appetite of 0.5, leads to the threshold being exceeded between 9:30 and 10:20. As this is less than 1 hour duration, no FIS exceedance would be counted. Conversely, taking a risk appetite of 0.2 would result in a FIS exceedance being counted between 09:25 to 11:10, so a regulatory failure would have been deemed to have occurred. For the purpose of this work a risk appetite has been set at 0.2. As information on the risk appetite of UK water companies is currently unknown, a risk appetite of 0.2 is assumed as a starting point. 
4.3.5 Parameter Threshold Ratio (PTR) concept
An “FIS exceedance” is only counted when the measured parameter breaches the regulatory threshold for a defined period. Therefore, the relative size of deviation required of the parameters from their ‘ambient state’ to interact with a threshold is important to consider. In order to do so, a ‘Parameter Threshold Ratio’ (PTR) concept has been introduced.
There are several reasons for looking at multiple hypothetical base thresholds. Firstly, the actual threshold is calculated using the same measured dataset it is put against. Therefore, any uncertainty associated with the manufacturer’s accuracy bandwidth of any sensor installed will also impact the threshold. Secondly the definition of harm is partly decided by the public and political appetite for strict or pragmatic environmental regulations. In the future, for example, there may be calls for harm to be defined at a higher DO and/or lower UA values, in order to reduce the likelihood of fish mortality. Or the thresholds might instead be relaxed after a cost-benefit analysis of interventions needed to limit fish mortality rates. 
Equation 2 introduces the ‘Parameter Threshold Ratio’ (PTR), which may be used to gain an understanding of the likelihood of different locations interacting with the regulatory threshold. To gauge an estimate of the ambient DO level at a location, an average of the recorded DO values for a whole year was taken. The FIS thresholds are dynamic (see section 3.2), hence the FIS threshold itself was also averaged. The PTR is then defined as the ratio of the averaged measured values vs the averaged regulatory threshold (Equation 2). Figure 11 illustrates the averaged measured values and averaged regulatory threshold, required to calculate PTR (Equ. 2). 

 Equation 2
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Figure 11: An illustration of the averaged measured parameter and averaged regulatory threshold needed to calculate the PTR. The PTR value is thus a measure of how far away from the threshold the measured data in a location tends to be (as indicated by the arrow). 
It is important to note that equation 2, does not mean that anything is averaged in the FIS analysis. The FIS analysis was carried out as instructed by UPM version 1 (1994). This included the creation of variable threshold that are dependent on the state of other parameters. This variable threshold was then averaged in equation 2 to create the PTR value. This means that for each timestep in the timeseries there is a value associated with the FIS threshold. To average the threshold the sum of these values was taken and divided by the number of the points in the timeseries. In the FIS analysis, the variable threshold, not the average of the variable threshold, was used in line with UPM procedure. As in at each timepoint in the timeseries a binary decision was made as to if parameter exceeded the threshold at that timepoint. The purpose of Figure 11 is to demonstrate the parameters to be used in equation 2, not the parameters to be used in the FIS analysis and therefore it does not demonstrate the variable threshold associated with FIS analysis. To understand the variable threshold associated with FIS analysis please see UPM Appendix A (1994). 
The analysis shown in this chapter was repeated for all return period and durations as outlined in UPM (1994). However, for demonstration purposes FIS analysis in this chapter is referring to the 1-hour duration. This is because firstly the methodology in this section calls for multiple different base thresholds to be used. The difference between different return periods in UPM FIS is that they have different thresholds and therefore can be found on the same PTR diagram at different PTR values. Out of the three different durations in UPM FIS (1-hour, 6-hour and 24-hour) the 1-hour duration was chosen to demonstrate the concept as section 3.2 showed it to be the most sensitive to uncertainty. When the analysis was carried out on other duration, the same PTR diagrams for DO and UA as presented below for the 1-hour duration FIS, with minor difference in gradients. No additional conclusions are made with the inclusion of these FIS durations. 
4.3.6 Parameter Threshold Ratio analysis of the case study data
For the 41 data sets, an analysis is carried out of the PTR versus the daily likelihood of an event exceeding the threshold. The likelihood of an event exceeding the threshold on any given day was calculated by totalling the number of such events in the time series dividing this by the total number of days. To investigate a wide range of potential perceptions of when ecological harm may be occurring, the analysis is completed on a range of different hypothetical base threshold values, ranging from 0.8 mg/L to 13.5 mg/L DO in increments of 0.1 mg/L for DO. The UA base values were set between 0.001 mg/L. and 0.125 mg/L increasing in increments of 0.001 mg/L. Therefore, creating 128 base threshold values for DO and 125 base threshold values of UA. A PTR value (Equation 2) was then calculated for these ranges of thresholds, created with 19 datasets and with the risk appetite set at 0.2. 
4.4 [bookmark: _heading=h.3g0h9qc11y1p]Results
The results section has been split into four parts; Compliance Uncertainty (DO), Compliance Uncertainty (UA); Compliance Determination Incorporating Risk; and Validation utilising the remaining 22 of the 41 available data sets.
4.4.1 Compliance Uncertainty - Dissolved Oxygen
Figure 12 illustrates the daily likelihood of a DO threshold exceedance occurring within a single day against PTR values, the risk appetite is set at 0.2 and the sensor accuracy bandwidth set according to the manufacturer's specification (Table 1, section 3.1) which is considered to be two standard deviations from the mean (see Section 3.3).  
The likelihood versus PTR plots in Figure 12 are found to be location specific and appear to split into 2 groupings. One group shows a rapid decay of threshold exceedance likelihood, until a PTR value of approximately 1.5 when the likelihood of threshold exceedance is effectively zero. A second group showed a more gradual decay of threshold exceedance likelihood versus PTR, with PTR values up to 2 to 3. Finally, there is one location in which the decay of threshold exceedance is significantly slower.
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	Figure 12: Likelihood of the daily threshold exceedance for DO against Parameter Threshold Ratio at 19 locations
	Figure 13: Schematic of conceptual pattern of likelihood of daily threshold exceedance for DO against PTR at a single location


On observing the data, a conceptual 3-zone pattern of the daily likelihood of threshold exceedance against PTR was proposed, illustrated in Figure 13. Zone 1 is where the DO of the receiving water is always exceeding the regulatory threshold and accordingly is failing compliance and deemed to be continuously in a state of ecological harm. Zone 3 reflects conditions when a PTR is so large, that when a reduction in measured DO values occurs the exceedance threshold is still not breached, and no regulatory compliance failures are recorded. No possible ecological harm occurs at this location in a typical year. Zone 2 indicates a location where normally the receiving water is in a state where ecological harm is not occurring, however, possible ecological harm might occur to external inputs into the system. The locations studied were found to be in Zone 2 (11/19) or in Zone 3 (8/19). Zone 2 can be represented as an exponential decay curve where the pattern of likelihood of threshold exceedance is dependent on a PTR value and two constants (a, b). Exponential decay curves were fitted to the data, and all showed a r2 correlation greater than 0.9. 
The impact of sensor uncertainty on the prediction of the likelihood of DO threshold exceedance was examined. Figure 14 shows the result of this examination at location 18 by incorporating information on DO sensor uncertainty in the PTR analysis.
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Figure 14: Daily likelihood of exceedance versus PTR curves from zone 2 calculated for a single location (18) for six DO sensor uncertainty bands of ±0.13 mg/L (dark blue), ±0.20 mg/L (red), ±0.40 mg/L (dark green) ±1.33 mg/L (yellow), ±2.00 mg/L (blue) and ±4.00 mg/L (light green).
Table 6: The likelihood reported at the six DO sensor uncertainty bands for region A and B shown in Figure 14. 
	Uncertainty Bandwidth
	0.13
	0.20
	0.40
	1.33
	2.00
	4.00

	Region A, PTR 1.1
	0.401
	0.411
	0.430
	0.528
	0.592
	0.801

	Region B, PTR 2.0
	0.006
	0.006
	0.008
	0.015
	0.024
	0.073



Figure 14 (left panel) shows the exponential decay curves from zone 2 calculated for all the six sensor uncertainty bands. Reducing the sensor uncertainty and keeping the same risk appetite (0.2), at any value of PTR will reduce the likelihood of a DO exceedance. This shows that the zone 2 gradient can be influenced by DO sensor uncertainty as well as location. Figure 14 (right panels) zooms in on two different regions of PTR values. Where the gradient of the curve is steepest (Figure 14, top right panel, Region A, PTR 1.1) there is large variation within the likelihood of a DO exceedance being reported, from 0.401 to 0.801 (Table 6) for the DO sensor accuracy band from ±0.13 mg/L to ±4.0 mg/L respectively. This indicates that the determination of an exceedance count in this PTR region is very sensitive to the uncertainty of the DO sensor used. Conversely, when the gradient of the curve is shallower (Fig.14, bottom right panel, Region B, PTR 2.0), the range in the likelihood of a DO exceedance being reported is much smaller for the same DO sensor accuracy bandwidth ranges.  
[bookmark: _heading=h.uv0acgfdetl]4.4.2 Compliance Uncertainty - Unionised Ammonia
Figure 15 illustrates daily likelihood of an UA exceedance versus PTR for the 19 locations. The plot increases sharply in all locations as the PTR approaches 1, the gradient varies, and this variation appears to be strongly location specific. There does not appear to be the groupings that were seen in Fig. 12 for the DO data. The likelihood behaviour for UA can also be split into three schematic PTR zones (Fig. 16).
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	Figure 15: Likelihood of the daily UA exceedance against Parameter Threshold Ratio (PTR) for 17 out of the 19 locations
	Figure 16: Schematic of conceptual pattern of likelihood of daily FIS exceedance for UA against PTR at a single location



The classification of zone 1-3 corresponds to the 3-zone pattern described in section 4.2 for DO.  Unlike the DO PTR-Likelihood diagram (Figure 13), zone 3 does not automatically mean a likelihood of an exceedance is zero. This is because the UA threshold depends on the prevailing DO, pH and temperature levels in the receiving water. Therefore, even if the ambient UA is further away from the averaged threshold it may still exceed the lowest possible state of threshold, reducing the capacity of PTR to predict likelihood of an UA exceedance. In order to focus the analysis on the sensitivity of measured UA to threshold exceedance uncertainty, two locations were removed from this analysis because the UA values were unusually impacted by low DO values in zone 1 and are not shown in Figure 16. 
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Figure 17: The daily likelihood of exceedance versus PTR curves for UA, from Zone 2, calculated for the six sensor Ammonium uncertainty bands considered ±0.13 (dark blue), ±0.20 (red), ±0.40 (dark green) ±1.33 (yellow), ±2.00 (blue) and ±4.00 (light green).
Table 7: The likelihood reported at the six Ammonium sensor uncertainty bands for region A and B shown in Figure 17. 
	Uncertainty Bandwidth
	0.13
	0.20
	0.40
	1.33
	2.00
	4.00

	Region A, PTR 1.1
	0.146
	0.158
	0.205
	0.497
	0.665
	0.955

	Region B, PTR 2.0
	<0.001
	<0.001
	<0.001
	0.005
	0.016
	0.234



Figure 17 shows the exponential decay curves from zone 2 for the six considered Ammonium sensor accuracy bands for location 18. In a similar pattern to the earlier DO sensor analysis (Figure 14), where the gradient of the plot is steepest (Figure 17 region A, PTR 0.5) there is large variation within the likelihood of UA threshold exceedances being reported, from 0.146 to 0.955 (Table 7). However, all the different Ammonium sensor uncertainty bandwidths would have the same conclusion that the location ‘fails’ compliance with the FIS regulations. Conversely, when the function is in the initial uplift (Figure 17 Region B, PTR 0.2), the range in the likelihood of an UA threshold exceedance being reported is much smaller, from <0.001 to 0.234 (Table 7). Nevertheless, in the case of Region B, not all sensor uncertainty bandwidths would have the same conclusion that the location ‘fails’ compliance with the FIS regulations. This clearly demonstrates that determining compliance failure is dependent on the uncertainty of the sensor.  
[bookmark: _heading=h.7bz11h3xlerm]4.4.3 Compliance Incorporating Risk 
The impact of risk appetite is dependent on which section of the PTR-likelihood diagram (Figure 13 and 16) is being examined. If the location of interest is sufficiently in zone 1 or 3 then the risk appetite will not alter the likelihood of an exceedance occurring on an average day, as it will not alter the extent of interaction with the threshold. Therefore, the conclusion of whether harm had occurred from the decision maker would be consistent. At the upper and lower boundaries of zone 2, however, the risk appetite can alter whether the PTR falls within zone 2 or not. Within Zone 2, the extent of the decrease in likelihood is dependent on the steepness of the exponential decay curve, here risk appetite may alter the binary decision whether harm has occurred or not, as illustrated in Figures 18 & 19. 
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Figure 18: Daily likelihood of exceedance versus PTR curves for DO, from PTR zone 2 calculated for a single location (14) for four risk appetites (0.8, 0.6, 0.4 and 0.2).
Table 8: The likelihood reported at the four risk appetites (0.8, 0.6, 0.4 and 0.2) for region A and B shown in Figure 18. 
	Risk
	0.8
	0.6
	0.4
	0.2

	Region A, PTR 1.1
	0.364
	0.382
	0.409
	0.431

	Region B, PTR 1.5
	0.019
	0.022
	0.023
	0.028
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Figure 19: Daily likelihood of exceedance versus PTR curves, from PTR zone 2 calculated for a single location (14) for four risk appetites (0.8, 0.6, 0.4 and 0.2).
Table 9: The likelihood reported at the four risk appetites (0.8, 0.6, 0.4 and 0.2) for region A and B shown in Figure 19. 
	Risk
	0.8
	0.6
	0.4
	0.2

	Region A, PTR 0.3
	0.009
	0.011
	0.018
	0.121

	Region B, PTR 0.8
	0.009
	0.550
	0.802
	0.961



Figures 18 and 19 and tables 8 and 9 show the zone 2 from both DO and UA Likelihood of exceedance versus PTR diagrams calculated for a single example location and four different risk appetites (0.8, 0.6, 0.4 and 0.2). The uncertainty for each parameter is from table 1 (± 0.2 mg/L for DO and ±2.0 for UA, section 3.1). Becoming more risk averse for both parameters at any value of PTR will usually increase the likelihood of a threshold exceedance. This shows that the gradient of the likelihood of exceedance versus PTR curves is altered by risk appetite as well as location. Nevertheless, with the larger uncertainty band of the total ammonia sensor the difference between the risk appetite bands is much greater. In Figure 19 and table 9, region B, at a PTR of 0.8, the difference between 0.2 or 0.8 risk appetite leading to a daily likelihood of exceedance on any given day being 1 or nearly 0 respectively. In areas where the gradient of the daily likelihood of exceedance versus PTR function is shallower, the difference in likelihood following different risk appetites is smaller, as can be seen for both DO and UA in Figures 18 & 19. 

[bookmark: _heading=h.m9d52i5k27g8]4.4.4 Validation 
The methodology (section 4.3) was applied to another dataset of 22 locations from a different geographical location in the UK, this time with a 6 months’ worth of data. DoE/NWP (1983) shows these locations have some variations in climate, some of the locations in the validation dataset have somewhat higher annual rainfall amounts, but lower rainfall intensities. The validation datasets show similar patterns of the effect of PTR on the likelihood of a DO and UA threshold exceedance occurring within an average day.  When varying the sensor uncertainty band and risk profiles, similar effects were seen on the daily likelihood of DO and UA exceedance. In the validation dataset, steeper functions characterising zone 2 in the plots of daily threshold exceedance probability versus PTR also were more sensitive to uncertainty band and risk profile. Both geographical locations showed a range of different gradients for zone 2. The validation dataset also showed that some locations that were deemed to have very different gradients in the plots of daily threshold exceedance probability versus PTR, were located in the same catchment several kilometres apart from each other.  
[bookmark: _heading=h.9oxlw8zcbnmo]4.5 Discussion 
[bookmark: _heading=h.twc212vd3ope]4.5.1 Uncertainty 
It is acknowledged that sensor uncertainty bandwidth is not the only type of uncertainty associated with the measured data, and likely an underestimation of the overall uncertainty associated with the data. However, the aim of this work is about understanding the interaction between uncertainty in measured data and the regulatory framework. The methodology of characterisation of uncertainty by assigning a probability function consisting of a normal distribution, while common in the hydrologic modelling field (see Deletic et al., 2012), does have its limitations. It is also acknowledged that when more types of uncertainty are considered the application of a normal distribution may become less representative. Systematic approaches to distribution assignment complying multiple uncertainty sources are a gap in the literature, although there are approaches such as Mishra (2002) to complete such analysis. With better understanding of distributions from multiple uncertainty sources, this could be applied to the methodology presented in the paper. The methodology could also be used to examine uncertainty associated with modelled data as well as monitored data. 
      
[bookmark: _heading=h.8y92a8levbo]4.5.2 PTR concept and daily likelihood of exceedance-PTR diagram
This work aims to consider the interaction between data uncertainty and a threshold-based regulatory framework to define ecological harm. It proposes a new term, Parameter Threshold Ratio (PTR), to indicate a location's proximity to entering a state of possible ecological harm. The PTR concept can be applied to other environmental or public health concentration-based threshold regulations which use measured parameters, for example nitrates. It is hypothesised that other parameters will follow a similar three-zone daily exceedance likelihood-PTR diagram (Figure 13 & 16). However, the function to characterise zone 2 is expected to be parameter specific, relating to its own characteristics in fluctuations and relationship with its thresholds, as illustrated by the difference shown between the parameters of DO and UA. 
The PTR concept is specifically about a parameter at a certain location likelihood of interacting with a threshold. For a location to sit naturally close to a threshold, it would take a smaller deviation in a parameter to interact with a threshold, compared to if a location sat further away. This does not imply that in any given day or year, that deviation will occur. On the diagram, the y-axis is labelled as likelihood of an exceedance and should not be taken as the likelihood of any given discharge or of the extent deviation observed in the parameter from any given discharge. It is possible for two locations, for one to sit close to a threshold and never interact with it, and for another to sit further away from the threshold but significantly interact with it. This is because there are external factors, such as the capacity vs current use of the sewer network, the likelihood of blockages in the network and the total or intensity of rainfall in the surrounding catchments, that can all increase the likelihood of discharge from the sewer network. The likelihood that the sewer will discharge are not considered in a locations PTR value or the likelihood of an exceedance. The PTR value is to describe, once that discharge has occurred, the likelihood that deviation caused by the discharge has of interacting with the threshold and hence is considered in the assessment of environmental harm. The PTR values and PTR diagram are designed to help articulate a locations sensitivity to uncertainty, to help engage decision makers and regulators with how uncertainty and risk appetite may influence the assessment of environmental harm, or if a threshold-based approach to assess environmental harm if a location is very sensitive to uncertainty. It is not to be used as proof that environmental harm has occurred. 
The daily exceedance likelihood-PTR diagram is a visual way of representing a location's sensitivity to uncertainty and risk appetite, which may be used to support engagement with end-users with these abstract concepts. Comparison between definition of harm from intermittent discharges as described in regulatory frameworks from different countries are usually qualitatively and not quantitatively discussed (see Botturi et al., 2021; Wang et al., 2023). The methods described in this study would allow more quantitative comparisons. Regulatory frameworks that at a given PTR, have a lower likelihood on any given day of an exceedance occurring being deemed lenient in their definition of harm. 
In the Likelihood-PTR diagram, zone 1 means the location is a continuous state of ecological harm. Regardless of the reasons, you would expect a location concluded as severely failing the regulatory framework to require urgent attention. This conclusion is unlikely to be influenced strongly by uncertainty of the instrument. Thus, consideration around data quality and accuracy should in this case focus on the future use of the data, such as its suitability for calibration of models for solution design. Whereas for a location in zone 3 the question of accuracy of the sensor is entirely around its use for regulatory assessment. Instrument uncertainty in this instance will alter the PTR value where the likelihood of an exceedance is less than one a year (the start of zone 3). Hence instrument quality may be selected based on the criteria to move a location into zone 3 from zone 2, which would increase initial cost, due to needing a sensor with lower uncertainty, but may then also result in no need for further analysis or solution design. It is Zone 2 where not all uncertainty bandwidths or risk profiles would have the same conclusion that a location ‘fails’ the regulation and by extension can also alter the perception to the extent to which a location has failed a regulatory threshold.
[bookmark: _heading=h.mteoydy73z5k]4.5.3 Likelihood-PTR Diagram Implication for Sensors Selection
Several authors (e.g. Montserrat et al., 2013; Zhu et al., 2023) have indicated that high spatial and temporal resolution data, requiring the implementation of low-cost sensors, is the way forward in a data-driven understanding of urban drainage problems. One anticipated hindrance to this approach is the installation cost, although the sensor is low cost, the cost of employing people to install, maintain and replace sensors is likely to remain high. When implementing a monitoring network of high spatial and temporal resolution, a variety of sensors should be considered and with such comes a variety of uncertainty bandwidths. Additionally, Höllermann & Evers (2017), concluded not only that uncertainty does matter to practitioners but also that rigid regulation is a defining feature which limits the implementation of new management techniques. Therefore, implying that a hindrance to progression toward the high-resolution data driven approach, is the level of sensor uncertainty which is deemed acceptable for regulatory use. The concept that different locations have different gradients in zone 2 of the exceedance likelihood-PTR curve contradicts the notion that uncertainty should always be minimised where possible when the data is being used for regulatory assessment to gauge the ecological health of the system. Instead, it encourages the idea that in some locations increasing the bandwidth of uncertainty will not alter the binary decisions as to whether harm has occurred, or the extent to which harm has occurred. This then encourages the idea that practitioners responsible for monitoring environmental harm would need to categorise the locations instead of applying blanket rules towards suitable sensor uncertainty at all locations. This has implications for choice of sensor quality, and likely also the cost of monitoring scheme, by justifying the implementation of lower-cost more uncertain sensors in appropriate locations. 

[bookmark: _heading=h.mu7nupdgbxut]4.5.4 Implications of Risk
Studies which acknowledge uncertainties in urban drainage decisions, often refer to risk as the financial consequence of the system being in non-compliance (e.g. Sriwastava et al., 2021; Salletti et al., 2023) or the non-optimal operation of the system relating to a relative performance (van der Werf et al., 2023). The methodology in the current study particularly considered risk as environmental risk, in terms of the possible negative impact on the environment. The reason why this is specified is that this type of risk, in relation to the threshold and regulatory compliance, should be considered in the context of other risks such as financial risk. To be able to do that one needs to quantify the type of risk.  
It was shown that the level of risk acceptance or averseness, especially for larger sensor uncertainty bands, was able to alter the daily likelihood of an exceedance occurring. Different parameters were shown to exhibit different gradients in the Likelihood-PTR curve and hence exhibit a different sensitivity to risk appetite. This means that different parameters might be assigned different risk appetites, in accordance with both their capabilities to be monitored or modelled, as well as the shape of their PTR-Likelihood curve. 
Explicitly describing the risk appetite level as well as the probability function representing monitoring uncertainty in a parameter, allows decision makers to reevaluate whether a location has breached its threshold in a more transparent manner. For instance, initial assessment may be done under a risk appetite band which the organisation would ‘ideally’ like to work towards. However, when financial constraints are placed upon the project, the organisation can reevaluate locations using different risk bands and accept more risk to reduce the size and possibly even the type of the solution. By accepting more environmental risk, the predicted volume of the storage required to resolve the issues reduces and possibly allows more consideration of Sustainable Drainage Systems or nature-based solutions. This revaluation would be seen not only in potential impact of possible environmental harm, but also in the cost to adapt in the future if needed.  
Sriwastava et al. (2021) emphasises the need for implicit corporate risk appetite preference to ensure consistent investment decisions across operations and Selletti et al., (2023) recognised that in Sweden no such framework exists and does not emphasise other countries’ practices for a contrast. Sriwastava et al. (2021) goes on to suggest initially that successful management of sewer systems involves investment and operational decisions which are often perceived to be risk-averse in character, however, concludes that decision makers are actually flexible with their risk averseness. This is because it is believed that urban drainage decision makers would be risk averse, partly by the fact that the fundamental operational approach of the sewer network (pipes taking effluent to treatment plant with the use of SOs) has stayed consistent for several decades in a multiple of countries as well as a slower uptake of digitalisation in water infrastructure management globally compared to other (commercial) enterprises. Conservatism may also be a reflection of the financial regulatory environment that a water utility operates under, with limited opportunities to intervene may result in “safer” solutions being adopted.  Both indicated a reluctance to change which is in alignment with a perception of a risk-averse profile. However, there are questions related to the extent in which financial constraints would encourage riskier behaviour. Then there are questions related to the extent in which the current passive nature of many urban drainage networks plays into this risk-aversion. Real time control has been an active area of study in recent years (e.g. van der Werf et al., 2023), would more automation of the sewer network alter the accepted risk level of design or offer multiple opportunities for intervention? Future work is needed in this space to understand (corporate) environmental risk appetite preferences of practitioners and water utilities.  
[bookmark: _heading=h.sjr76qvrk7mo]4.6 Conclusion 
[bookmark: _Hlk201581159]This work aimed to investigate the influence that sensor uncertainty in multi-parameter WQ sensors can have on the assessment of whether water bodies meet WQ regulatory standards.  A new term was created, called Parameter Threshold Ratio (PTR), which may be used to gain an understanding of the likelihood of different locations interacting with the regulatory threshold. The example used to demonstrate the application of this concept were concentration-duration WQ thresholds.  The results indicate that both uncertainty and risk appetite influence the binary decision around the assessment of a location meeting concentration-duration-frequency based regulatory standards.  The concept was first applied to long-term continuously collected WQ data collected at 19 locations. The approach was then validated for an independent long-term data set collected at another 22 locations. For the DO and UA data investigated at the 41 locations, daily exceedance likelihood versus PTR functions were developed.  It was shown that the shape of the daily exceedance likelihood versus PTR functions may be used to better understand a location's sensitivity to sensor uncertainty and risk appetite. Understanding a location's sensitivity to sensor uncertainty and risk appetite has many economic implications from choice of sensor and sensor maintenance regime, and to the size and/or type of solution considered to mitigate potential WQ regulatory failures. Making visible the consequences of sensor uncertainty and risk, can help utilities, with the permission of their regulators to adopt more flexible approaches to sensor selection and risk that would allow actions that are more appropriate to individual locations whilst still providing an acceptably high level of regulatory compliance.  
[bookmark: _heading=h.4q3ggzw1pxx0][bookmark: _heading=h.dh9b48g6utty]


Chapter 5: Understanding the extent of incorporation of the concepts of uncertainty and risk in industry 
5.1 Introduction 
The previous chapters examine the implication of uncertainty and a risk profile on the FIS exceedance count or likelihood of an FIS exceedance count. This chapter looks at examining how the UK urban drainage sector currently approaches uncertainty and risk and how that may change under a new regulatory landscape.
Before the Environment Act water companies were subject to the 1991 version of the Urban Wastewater Treatment Directive (UWWTD) (EU, 1991) and the Water Framework Directive (WFD) (EU, 2000). The UWWTD had the aim that the sewage network is designed and maintained to a standard which does not cause environmental harm, and the WFD requires possible polluters to show their actions are not the reason why a waterbody has lost or would lose ‘good ecological status’. Sewage collectors can cause harm through discharge of raw sewage from SOs. Both directives work on a premise that the action of the water company, which either has occurred or will occur in the future, can cause the environment to enter a state of harm from a state of non-harm.
The methodology agreed upon by the UK water industry to illustrate this understanding of whether harm has occurred, or would occur, is described in the Urban Pollution Management (UPM) manual (FWR, 2018). The basic structure of which was to collect a limited amount of data to calibrate and validate sewer and river models and to use the model to first determine if it was believed that environmental harm would occur and then design a solution which would eradicate that harm. There are two major concepts that characterise this era of understanding harm: firstly, the importance on modelling and secondly that the methodology worked on prioritising sites. Very few sites were selected for a UPM study to be conducted. Figure 20 visualises how the sector would operate since the adoption of UPM manual in 1990s. 
With the new legal requirements of section 82 and section 84 of the Environment Act (2021) the way in which in industry evaluates environmental harm has changed. Figure 21 visualises how the sector is expected to operate under the Environment Act. The major difference between the old and the new procedures to understand environmental harm is firstly the new importance of monitored data located in-situ at each asset, and secondly the fact all sites are monitored simultaneously, removing the step of prioritising sites. 
The regulatory set up in England has not changed since the EA took over the responsibility of the National Rivers Authority to act as the environmental regulator and OFWAT was established to act as the financial regulator when privatisation occurred. However, recently their regulatory power has been strengthened under the Water Special Measures Act 2025. 
 This chapter looks to answer four research questions: 
1) To what extent does the urban drainage sector currently consider uncertainty and risk in water quality assessment and solution design?
2) How prepared is the water industry for the recent regulatory changes?
3) To what extent will the change in water quality regulation brought in by the Environment Act 2021, more specifically regarding the continuous open monitoring data, alter the urban drainage sector’s relationship with uncertainty and risk in water quality assessment and solution design?
4) To what extent does the role the regulators play influence the urban drainage sector’s approach to uncertainty and risk in water quality assessment and solution design?
To answer these questions a series of semi-structured interviews were conducted with people working in the water industry.  
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Figure 20: Flow diagram of assessment of environmental harm under the UPM manual procedure
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Figure 21: Imagined flow diagram of assessment of environmental harm under the Environment Act 2021
5.2 Methodology 
In total 7 individuals were interviewed: two from a consultancy and five from three different English water companies. The interviews primarily focused on work done in England and Scotland. The remit of the Environment Act 2021 only applies to England, and Scotland has different financial and environmental regulators. However, Scotland is also changing its regulation to include more monitoring and previous work on SO has been conducted in Scotland. Any mention to Scotland specific regulators has not been included in the study. The interview tried to capture a range of stages of careers, however, due to limiting to people with understanding of the topic, there was a bias towards people in later stages in their careers. More were invited to interview but declined on grounds that they either did not believe they had sufficient knowledge in the area or believed that the topic with its current media attention was too controversial to discuss. 
The reason why such a small number of participants was selected to participate in the interview was the two-fold. Firstly, was the subject matter. The UPM procedure, though developed in the 1990s, has not been widely adopted by industry until very recently. This was in part because the subject matter of environmental impact of CSO, until recently, was not a priority for the industry as a whole and in part the substantial cost of running a UPM study. In order to achieve the aims of the interviews, it was important to interview the correct individual, who held the relevant technical knowledge. This limited the potential number of participants significantly as many water quality specialists in the field do not have a deep understanding on the UPM procedure, or have not completed a UPM study since AMP 3. 
The second factor was the decision to not include participants who currently worked in regulator space. The intersection between uncertainty and risk, is the emotional attachment to the possible consequences of the action. Therefore, to understand how the industry views uncertainty and risk, an understanding must be attained around the anticipation of the reaction of regulators around uncertainty in compliance to statutory and non-statutory obligations.  As this reaction would determine the consequence. It is possible that this conversation with those in currently in the regulator space could occur; to compare and contrast how the two parties (the regulator and the regulated) anticipate how a conversation around uncertainty would go. However, that assumes the conversation would occur. In reality, many of the decision around uncertainty and risk are made in order to not have to have a conversation with the regulator, and if they did to already have arguments made to justify their action or plan of actions. Including the regulators perspective also the possibility of skew in the interpretation of the results. That upon reading this work, more consideration would be given to the regulator’s perspective as a ‘truth’ of what should happen. This combined with the fact including regulators would result in regulators being question around the role of regulators, it was decided to focus on the water companies and their consultant’s perspective on risk and uncertainty. 
Before the interview, participants were asked to fill out a short questionnaire, providing information such as what sort of organisations they currently and formally work for, what type of individuals they interact with in their day-to-day activity (for instance do they communicate with the regulators) and what parts of the UPM procedure they had experience with. The questionnaire can be found in the appendix (Table 1A). 
The semi-structured interviews followed the same outline structure of 10 minutes discussing uncertainty, 10 minutes discussing risk, 20 minutes on how they believed the Environment Act may change assessment and solution design, and 10 minutes on the implications of open data. Table 2A in the appendix shows the outline structure, with some example questions given to each section. The interview was designed to last around 1 hour, so the last 10 minutes was allocated to any theme which the interviewee wished to discuss in more detail. The interviews were transcribed using a transcribing service. Then a thematic analysis was conducted to find similarities and differences on four major themes: uncertainty, risk, regulatory change, and the role of the regulators. It became apparent in the analysis that the theme of regulatory change could be split into two major concepts; firstly, whether the sector was prepared for the change in regulatory landscape and secondly what implications there could be because of the change in regulatory landscape. 
Thematic analysis follows 5 steps; familiarisation of the data, generating codes, searching for themes, reviewing themes and finally defining themes. These five-step process was followed the conclusion of the semi-structured interviews. The familiarisation stage requires immersive reading of the transcripts of the semi-structured interviews (Hole, 2024). In this stage initial impressions and recurring patterns are noted down. As familiarisation is not a linear process, each transcript is read several times (see Christou, 2022), returning to previous transcripts reviewed so earlier transcripts can be read with the knowledge of later transcripts. The second step of thematic analysis, generating initial codes, marks transcripts into segments of data by breaking up and combining different sections of transcripts (Braun & Clark, 2006). The purpose of this section is to break the complexity of the interviews into meaningful units of text (see Byrne, 2022). These units of text are then examined for recurring and meaning patterns which align with the research questions (Braun & Clark, 2006). This is the searching for themes stage. An important aspect of this part of the process is that themes must be determined by the data not pre-existing assumptions. Both the significance and relationship to the research area must also be considering. If a potential theme does not have high significance or relevance to the research area, it is removed in the fourth step; reviewing the themes (see Christou, 2022). The last stage is a deeper analysis of the remining themes, to understand how they interact with each other to answer the research questions (see Christou, 2022). 
5.3 Results and Discussion 
5.3.1 Uncertainty 
Universally, uncertainty in data and models could be acknowledged. All participants could recall conversations with colleges discussing some sort of uncertainty. Documentation of these conversations are common practice, though some participants also referred to conversations which were not documented, depending on the extent of the conversation. This documentation could be provided as evidence if anyone questioned the approach to uncertainty, but the extent to which these documents were passed on within organisations was unclear. Having a key individual in the conversation, or signing off the conversation, may be more influential in the organisation than the actual documentation of the conversation. Participants recognised that the impact of uncertainty was not always understood and often uncertainty was not considered in a constant manner. Multiple participants also referred to the fact that some uncertainty, such as impact on rainfall from climate change, population growth rate or the physical location of the monitor was much more prevalent that other types of uncertainty such as the manufacturer’s accuracy bandwidth of monitoring equipment, or uncertainty due to the equations used in a model. There seemed to be a distinction between uncertainty that is built into the methodology, compared to uncertainty associated with processes and concepts. 
Multiple participants referred to suitable data or models, and that the ‘best available had to be sufficient’. It is wondered whether this mentality has grown from the fact that the UPM methodology was designed and implemented in the 1990s, where the technology available to understand environmental impact was of a much lower grade. Thus, forcing decisions to be made on poor data or information and if this was sufficient then, now with better data or information it must be suitable too. One participant, however, called this thinking a ‘trap’, reflecting whether the implications of uncertainty had ever really been rigorously challenged by the industry. The UPM procedure was referred to by a couple of participants as to why considerations to uncertainty or risk currently do not occur and may not be relevant in the future. That, according to their understanding, the procedure lends itself to conservativeness, hence they conclude that the impact of uncertainty is likely to be encapsulated within. 
Sensitivity analysis, its extent and repetition, appears to be where participants seemed to have most confidence when talking about uncertainty. Most participants believed that sufficient sensitivity analysis was conducted in the UPM procedure. One participant particularly emphasised the role sensitivity analysis has from a cost perspective. That doing more sensitivity analysis can have long-term economic savings, if it results in a more suitable solution being proposed. A different participant talked around how questions around the extent of sensitivity analysis conducted, and any related uncertainty, often occurred while the cost of schemes was discussed. That sometimes extra consideration could be given, if costs were deemed too high. A third participant questioned whether sensitivity analysis was uniformly applied, or if there was a bias to using the tools to explain discrepancies in expert ‘expected’ results and the actual results on a model. That there was not the same appetite in seeing if the expert ‘expected’ results always occurred, if it original results confirmed what they expected to observe. 
5.3.2 Risk Appetite 
Participants did not acknowledge risk in the same manner in which they acknowledged uncertainty. However, when asked to consider risk, the first question a couple of them started asking themselves was ‘who holds the risk?’. Thinking through the current regulatory setup their conclusion was ‘most likely the water company, as they are responsible for their assets’. One participant took that a step further by talking how ‘protecting the company’s interest’ most likely leads down the route of conservatism. The question whether other organisations in the industry could hold the risk was proposed, but in talking though the answer the participant concluded that it was unlikely, as the regulators may be seen not to be ‘tough enough’ on the water companies in the eyes of the public if they jointly held risk. 
The topics ‘gut feeling’ and confidence that a solution could be deemed ‘sensible’ were brought up a few times when discussing risk. That whereas it was not quantified or documented, an experienced modeller can ‘sense’ when a result is appropriate to pass-forward to a colleague or regulator. One term, ‘fit for purpose’, came up a few times when discussing the concept of risk in solution design, particularly in relation to a possible defence to the regulators if at late stages of construction question appeared around suitability. A few participants went on to talk around how engineers like designing to specifications, so if a dispute happens later, they can argue they are not at fault as they did what was expected of them. One participant talked about work done while at a consultancy and explained that the clients’ requirements outweighed their view on the work. Some participants did also talk about the idea of not personally feeling confident in designing to averages. They explained that there may be reservations as to whether solution that produced a result of 9.9 was superior to one which produced a result of 10.1. They described that following the uniform procedure as outlined by UPM and other industry guidelines was common practice, and outweighed personal reservations. One participant wanted to emphasise that conservatism was built into the methodology of the UPM and hence they were confident that solution using this methodology would not have the risk of non-compliance. This all may suggest that personal risk appetite may not be as important as risk practices embedded into procedure. 
However, it was also recognised that this ability of a ‘gut feeling’ and recognising what a ‘sensible’ design is, comes with experience.  One participant talked about the importance of work culture in developing such a ‘gut feel’ to the work. That where you sat in the organisation, with whom you interacted with and what contractual obligations one has or is working towards could all influence your personal gut feeling. Other participants talked about how they expected that the idea of ‘what is sensible’ was most likely somewhat uniform currently in the industry, as the number of individuals who worked in the area was limited. Hence the same opinions and criticisms were circulated and adopted as practice. Both ideas suggest that personal risk appetite, in terms of the individual’s approach to their work, but also key individual’s risk appetite influencing others in the industry has been influential in the adoption of the UPM procedure. 
There were a few other risks which were indirectly related to solution design which participants mentioned. The first was the risk of increasing carbon emissions and energy use due to the Environment Act, with a note that part of the risk is that the industry does not appreciate the full environmental impact of the Environment Act but also part of the risk is posed by nongovernmental organisations (NGOs) not fully understanding the environmental implications of what they are advocating for. The next risk mentioned was the implication of the size of work called for under the Environment Act. That inevitably the work done in the future would be done by a less well experienced workforce, who may not appreciate the complexity of water quality issues in urban drainage. It was thought that this skills gap could increase the role uncertainty plays in the future. The last risk posed was the issue around if a model which would be used for solution design did not replicate the dataset to that is produced by the monitored dataset, how could a solution be designed to observe no harm in the monitored dataset. It was thought that this may lead to more risk adverse decision making where the aim becomes one or no spills, so FIS compliance cannot be exceeded. These risks have been included in this section as participants all identified these as part of the discussion around risk. 
5.3.3 Preparedness to regulation change
One question that was asked of the participants was whether they believed the industry understood the implications of the change in regulation. The answers were leaning towards that the industry as a whole had not appreciated the implications of the Environment Act, but that key individuals were prepared. However, interestingly some of the individuals named were also participants in the study, and when they were asked the same question, they answered with doubt that enough individuals understood the area fully for the industry understand the implications of the Environment Act. 
There was a general agreement that inclusion of FIS from UPM into the Environment Act was a positive, with FIS being based on scientific principle and its focus on understanding fish populations being noted as its strengths. It was noted that its simplicity around either passing or failing was also a strength. Though around half of the participants commented that insufficient consideration had been applied to the application of FIS for monitored data. That the UPM FIS had been designed with the understanding that it would be applied to modelled data and thus had modelling assumptions, such as clustering and ten-year averaging, in the methodology. Some individuals talked around how limited the discussion around the applicability of FIS had been before it was included in the SODRP. Even so, there was no appetite identified for regulation to move away from a scientific approach to a more pragmatic approach. In fact, multiple individuals talked negatively around how, in their opinion, the Environment Act (usually in reference to target 3 of the SODRP) had a weaker scientific background than the UPM procedure and how they wished water companies had the ability to follow a more scientifically lead approach to reduction of environmental harm under the Environment Act than was currently permitted.        
Two individuals from different water companies went on their own accord to describe three different categories of water companies’ preparedness for the Environment Act, based on how they had previously interacted with the UPM. The first category of water companies had performed somewhat recently a UPM style study and had the staff in house with the technical ability to fully engage with such a project. The second was water companies who either had not completed a full UPM study since the early 2000s or who have had to rely heavily on consultants for their technical understanding. The last category consisted of water companies who had not properly engaged with the topic since AMP3 (2000-2005). They named the same water companies for each category, with two water companies in the top category, two water companies in the second category and the rest of water companies in the last category. There was also the ability to name consultancies in these 3 categories, with certain consultancies being named more often than others as having a technical ability to perform a UPM study. One participant of the study was from a water company which fell into the third category, it should be noted that in the discussion there was a noticeable difference in clarity of answer from this individual. Their answers often strayed into discissions around nutrients and impacts on ground water supply, which are important environmental concerns for water companies, but are not covered by either the UPM procedure or sections 82 and 84 of the Environment Act, both of which have a focus on the parameters of DO and UA. 
When asked if there was an issue with there being imbalance in the geographical spread of technical understanding, it was answered that there was an unequal spread of technical knowledge, but with advances in technology and the rise of remote working this was not as much as a concern as it would have been previously. This was quite a positive response and one that implies that there is to some degree a sense of community in this area of work. That technical knowledge could and would be transferred between water companies and consultancies if needed in the future. There was even the proposition that this learning in the long term may produce more uniform practices, which was deemed vital for water companies to be assessed against each other. Currently it was identified that the number of individuals who understood the work was limited and that there was a skills gap in the industry. The issue identified was not that they were attributed to a small number of the organisations and that other organisations would suffer, but that these individuals would simply become overloaded. This skill gap and the possible issue around the amount of work required to effectively train up individuals is one that a few participants identified as a risk of the industry, but no solution was proposed alongside it. One participant remembered the amount of time, training and support they received from experienced professionals and compared it to the amount of time they can currently spare for training others and concluded that the pressure and timescale of regulation put on the industry today is a significantly important aspect of this. 
5.3.4 Implications of change in regulation 
One concept proposed as a consequence of the change in regulatory setup, is the fact that with continuous monitoring, solutions would gain post-construction data around their performance. No participant could recall any previous project that had post construction data collection for understanding the success of the project. One participant went on to explain that such a scheme previously would be negatively regarded by the regulators, particularly from OFWAT. That from the standpoint of the financial regular, the concept that a water company could have spent money on a scheme which did not achieve the desired outcomes that had been outlined in the proposal for the allocation of funds was so inconceivable that there was no reason to check. It was also explained that from a water company perspective there was not a reason to check either, as when a solution was found to be ineffective and environmental harm was occurring there was nothing the water company could do other than submit that evidence to the environmental regulator and get fined. OFWAT would not allow additional expenditure on a site that already had a solution implemented. 
When pressed on what this could mean for the industry going forward, a few participants talked about the concept of ‘regret’ and how it was not really an option. That whereas they had not really considered what working to build solutions with continuous monitoring would look like, that given the current regulatory set up demanding continuous monitoring, combined with the current pressure from the public viewing that data, they would most likely prefer over-design. Some admitted that currently they simply did not know if under-design occurred, but others assumed that it did not occur due to the conservatism built into UPM procedure. Thus, if practices in solution design would become more conservative in the short term, before this data provided evidence on whether this assumption was correct is unclear. Whereas some participants talked negatively around the UK approach to ‘measure twice cut once’, others really appreciated that about the UK approach to solution design currently. One participant advocated that UK should promote even more careful consideration to understand the problem, through more modelling or data collection before committing to construction. 
This then opens up discussion around what would be different if the financial obligation of only allowing one attempt at a solution was not in place; that one could revisit sites where under-design had occurred. There was a mix of opinions expressed on this topic. Some believed that due to the size of the work under the Environment Act combined with uncertainty due to climate change, the industry does need to engage with solution design practices and part of that is an agreed procedure if under-design occurs. One participant talked around how adaptive pathways planning was already promoted in the industry, such as in DWMPs, and is now being considered for work done around the Environment Act. But this was more due to the practical restrains of achieving the goals of SODRP in time using SuDS, not in case of under-design. They then went on the explain, that even though adaptive pathways planning was promoted as an idea, it often relied on what uncertainty you were using it for, that the ‘pot of money’ for climate change and population growth is different and the company could not ‘misuse’ designated funds. Other individuals quoted additional issues with a site being under-designed, mainly that the construction of solutions disrupts customers and a repetition of that disruption being ‘unacceptable’. A few referred to the cost of ‘knocking down’ solutions which were insufficient as being a waste of money, time and resources (carbon). One participant split their answer by the role in the water industry and their role as a customer of the water industry; stating that from a technical mindset, additional financial resources would be beneficial but from a customer perspective they would want to know if the water company was at fault, and whether this was unavoidable and if it was avoidable an explanation to why customers should pay again.   
Three participants recognised that this data could provide a leaning opportunity for the industry, but only if the industry chose to utilise it. There is a reality that the data is required through legal obligation, is collected, reported and made available for the public, but currently not used as a learning opportunity. It was proposed that taking the time to review schemes may provide a better understanding catchments, that currently there may be unknown unknowns. One issue around learning from the data is whether both positive and negative lessons are permitted to be discussed. With the current mindset in the industry that under-design is so intolerable, there would be a fear that water companies could not admit to such activity and hence collectively the lessons learnt from unsuccessful schemes may not be learnt and applied elsewhere. Interestingly one participant also really emphasised the importance that if space and resources were given to learn lessons, there was a need to ensure positive lessons are learnt and discussed too. Otherwise, it could just be used as another tool to criticise the industry. It is believed that some stakeholders, including NGOs and the public, may wish to use this data to criticise the industry, so having a list of case studies available with evidence of positive impacts may be beneficial for water companies. Reviewing schemes to determine their success is additional workload for the industry. There was a conversion around who should undertake such work and impartial organisation such as Water UK to do the work and CIWEM UDG to disseminate the work were suggested, to give other stakeholders (NGOs/ the public) confidence in the assessment. Another proposal was that a working group between different water companies was setup, however, convincing water companies to participate and freely discuss matters of regulatory compliance would be a challenge to be considered. It was noted that the ‘politics’ would need to be removed for useful lessons to be learnt. 
The fact that this data will be open may influence how water companies will operate in the future. It was clear from the responses that the openness of the data was real concern for the participants. Multiple participants wanted to emphasise that water companies are ‘not evil’, that SO do not operate when a water company ‘press a button’. They believed that just as with the EDM data, the water quality data will be misinterpreted and misrepresented by the British media. Whether the media or NGOs will be able to distinguish the difference between impact and harm was asked by multiple participants. Others talked around how to show the scale of improvement asked for under SODRP, as it may take decades of data collection, and would the public be able to wait that long. There was a clear agreement that, unlike with the EDM data, there needs to be a narrative explaining the water quality data. One participant emphasised that it was the responsibility of all aspects of the water industry who work with the data to contribute to the overall message. Another participant mentioned that organisations with technical ability, but public credibility, such as Water UK, must engage in promoting objective narratives around the data, when water companies will not be listened to by the public. 
5.3.5 The role of the regulators 
The most common comment around the regulators was the idea of ‘fairness’. When questioned around what ‘fairness’ was, it was often described as the ability to compare water companies directly. However, some referred to unified approach such as FIS, and other referred to a unified goal such as the ability to not cause harm. But most appreciated that there needs to be some sort of consistency when regulating the sector. One participant stressed that consistency may need to come from the consultancies as they operate across water companies. When asked if it was ‘fair’ for geographical considerations to be considered when comparing water companies, the answer was either unsure or no. One participant talked around how the water company should understand its own constraints and plan accordingly so it could be competitive. There does appear that in answering the question ‘what is considered as a geographical constraint’, poor planning was deemed less acceptable than a physical constrain such as topography. But reference to a particular water company’s economic situation was a common answer as to why considering a company’s situation would not be acceptable from the public and hence could not be used to regulate the sector. One participant started the answer as no, then began talking though the implications that this may have on some customer bills and began to question the difference between fairness for companies and fairness for customers. 
It was generally agreed that the regulatory setup in England was a positive, having an environmental regulator (EA) focused on the environment and a financial regulator (OFWAT) focused on the economics. Many participants wanted to emphasise the importance for the sector of a constant working relationship between the EA, OFWAT and DEFRA. However, in terms of uncertainty and risk associated with work done under the Environment Act, they emphasised that the EA needed to lead the discussion. A couple of participants indicated that for work to be conducted on uncertainty and risk, the EA needed to set acceptable risk levels. One participant talked about setting a national risk level, which would be acceptable across the country, in order to be ‘fair’. It was recognised that this would probably lead different water companies to act differently. A different participant talked how conversations with the EA need to occur at the local level, so that individual assets can be discussed and understood. This particular individual also talked about a fear that the EA as an organisation was becoming more risk averse as it has become more centralised as an organisation and thus counteracting for loosing local knowledge. Nevertheless, it was recognised that part of this recent shift could also be due to fear of judicial review and current negative media attention around regulating the sector. They went on to talk about that there had been an increase of conversations being led by what is written in the guidelines, and not to deviate from the guidelines. There was a general acceptance that the EA does appreciate the financial implications of environmental schemes. But one participant did suggest that this may differ depending on who you talk to in the organisation. That occasionally younger individuals may not appreciate the scale of economics, or that once financial side had been agreed upon, one cannot simply keep adding to schemes. 
It was pretty well agreed that OFWAT’s drive for inefficacies was not really based on informed decision around nuances of locations but by comparison between companies in monetary terms. One participant talked around how this mindset had currently not caused a problem for industry, as funding had always come through, but went on to question what would happen to the industry as water companies ask for considerably more money than before with new regulatory and climate pressures. They were unsure what the implication for the industry were if sufficient money did not materialise for environment improvement. There was quite a consensus that OFWAT will only focus on economic perspective. Nevertheless, it was generally well agreed among participants that there would be benefits to improve OFWAT’s understanding of the implications of environmental decision making in more detail than is currently discussed; Although not to the level detail of individual standards such as FIS. However, multiple participants also questioned if such information was written on a ‘one or two-pager’, whether it would be read by OFWAT. They just could not see the appetite from OFWAT’s side to engage meaningfully with the environmental side of the decision, simply the economic side. One participant questioned if OFWAT would require more than just information, and whether some sort of structure reorganisation was required. They proposed the idea that OFWAT could separate out environmental enhancement to the operational part, so there would be an expert to engage with in the environmental decisions section of the draft determination of all the water companies. That part of their particular role would be to understand how investing in ‘right places’ provided overall improvements; thus, a more nuanced understanding than currently held from OFWAT. They went on to explain that OFWAT does have a commitment to protect customer interests, which is ‘not just bills’ but could also include environmental protection. 
5.4 Conclusion 
[bookmark: _Hlk201581201]It must be noted that seven individuals is a rather limited number of participants to make conclusion on the whole sector. However, due to the current limited number of individuals with experience and understanding of the topic, it is believed that views presented in the interview are representative of the sector.  
To answer the first research questions, uncertainty and risk did play a role in the approach taken by the UK urban drainage sector to understand environment harm caused by SO under the UPM procedure. When considering the UPM style of programs, uncertainty associated with data and models could be acknowledged and qualitatively described, but their implications could not. However, uncertainty could be used to shape programs, particularly though the extent sensitivity analysis was performed or not performed. It was also clear that whereas some uncertainty was considered, such a where one placed a sensor, other uncertainty such as uncertainty embedded into models, was ignored. Risk and risk mitigation on the other hand could not be described to the same extent uncertainty was, but it was clearly present in the UPM procedure. Due to the repetition of the word ‘conservatism’ when discussing the UPM procedure and the clear favour of the practitioners to over-design compared to under-design the UK urban drainage sector can be labelled as risk averse. That is not to discount some clearly obvious risk-taking behaviours exhibited by the industry, such a disregard to review schemes once constructed and allowing certain water companies to dis-engage with the topic for the last two decades, resulting in limited number of individuals with technical understanding of the topic. 
To answer the second and third research questions, it is unclear that the change in regulation will alter how the urban drainage sector will interact with uncertainty and risk in water quality assessment and solution design. The answers were leaning towards that the industry as a whole had not appreciated the implications of the Environment Act, particularly due to the extent of individuals with technical understanding of the area. The fact that continuous monitoring will force the industry into having post-construction data collection should suggest that the industry would become more risk averse, as under-design was simply described as not an option, not only from a regulatory perspective but also a customer opinion perspective. But there was a confidence in some individuals that under-design does not occur currently, so that would suggest that the behaviour would not change as one would expect the data to show the current methodology as sufficient. 
It is proposed from the findings of this work that there are two defining characteristics on whether the urban drainage sector will interact with uncertainty and risk differently in the future. Firstly, if the scale of workload vs skill gap does present a problem, the industry may need to become more risk averse as it loses it confidence in the expertise of its workforce. Secondly, whether the industry choses to learn lessons from having data after construction, will alter its approach to uncertainty and risk. Without learning lessons, the sector cannot reevaluate its current behaviours. 
Finally, to answer the last research question, it was clear that the regulators do play an important and influential role in how the sector does and will engage with the topic of uncertainty and risk. It was clear the sector would prefer to follow the lead of the EA. That if the sector was to give more consideration to uncertainty and risk than currently performed, the EA would need to provide some sort of guidance. It was also clear that the sector expects the EA would be in favour of a risk-averse stance. However, currently it is OFWAT that is influencing the practices of the sector the most in terms of its risk appetite. OFWATs ‘one attempt’ financial policy drives the sector to act in risk-averse manner, and it is one of the major reasons why the sector prefers over-design. 


Chapter 6: Discussion 
6.1 Defining the term ‘excessive’ under the Environment Act 2021
One of the current contradictions the UK water industry faces under the new era of legislation is that they are still subject to pre-Brexit legislation alongside the new Environment Act (2021) (see Figure 1b and 1c). Whereas there is certainly a degree of continuity from previous legislation like the UWWTR and the Environment Act, there are also contradictions. The most obvious continuity is that you can see the WFD, Bathing water directive and UWWTD in the three targets of the SODRP. In target 1 of the SODRP it states that ‘no water body in England should fail to achieve good ecological status due to storm overflow discharges’ (DEFRA, 2023b). Good ecological status is a direct link to the WFD and therefore Environment Act follows the WFD understanding that protecting the environment should be equivalent to no anthropogenic actions altering the natural state of the environment. This provides the evidence that as FIS was deemed suitable for WFD, it should also be deemed appropriate for Environment Act. 
Target 3 in the SODRP is the target aimed at SO only operating in unusually heavy rainfall events. Though not a direct link like in target 1 back to an EU directive, this target can be linked to UWWTD. The UWWTD set out the EU position on the collection, transport and treatment of urban wastewater, with a simplistic interpretation of the directive being that EU member states should have satisfactory systems to collect and treat the majority of urban wastewater; with a satisfactory system being one that protects the environment the majority of the time. One could argue that SODRP target 3 is England’s updated interpretation of that directive. Under SODRP target 3 a satisfactory system that protects the environment the majority of the time is equivalent to a system that only discharges into the environment untreated wastewater 10 times a year. 
But it actually one of the biggest contradictions in terms of SO for the water industry in England, it how to achieve UWWTR (1994) and the Environment Act (2021) simultaneously. An absolutely key component of the UWWTR (1994) is that in paragraph 2 of schedule 2 where it states that collection systems should be designed constructed and maintained in accordance with BTKNEEC including that of limiting pollution. But the Environment Act (2021) does not have BTKNEEC as a clause, with its focus is on whether its goal, most notably using monitoring to assess number of discharges and no ecological impact from SO, is achieved or not. The cost of such a program is somewhat irrelevant as it is required by law to have such a program in place. Essentially what this means is that limiting environmental pollution from SO is simultaneously both a statutory and statutory plus requirement. That the SORDP targets must happen regardless of cost, while any investments to designing, constructing or maintaining sewage collection assets, referred to in the SODRP targets, must be financially considered and not regarded as excessive. 
There could be the argument that this contradiction is not a new predicament. That adequate environmental protection, regardless of the cost, was stipulated under the EU directive of WFD and the water companies in England were required to demonstrate that they did not prevent a location from achieving good ecological status. The difference is that WFD did not focus wholly on the water industry and SO discharges. Whereas section 81 to 84 of Environment Act is very specifically directed at urban wastewater collection systems and crucially how to manage them with associated costs, which previously would have been much more under the authority of UWWTD to determine acceptable cost. 
The simple way to achieve both the UWWTR (1994) and Environment Act (2021), is to examine the definition of excessive cost. Usually under the condition of BTKNEEC, excessive cost is the point where additional benefits become disproportionally small in relation to the additional cost required. This means that there has also been a degree of fluidity in its definition of excessive as different stakeholders may attribute different value to the additional benefits and so may argue on the point in which its benefit become disproportionally small. However, under the statutory requirements of the Environment Act, any cost associated with achieving the Act cannot be seen as excessive, regardless of the benefits is brings as it is the legal requirement. For example, whereas before monitoring an asset which had been determined not to cause harm, may previously been seen as excessive uses of resources, (as the cost of monitoring was disproportionally compared to the understanding gained about levels of harm occurring), however now it would no longer be seen as excessive as it is required by the Act. But what this does not mean that any action taken to comply to the Act cannot be seen as excessive. Removing all SO by constructing a completely separate system, so no SO would need to be monitored or assessed for environmental harm under the Act as they did not exist, may be seen an example of an excessive approach to the comply with regulation. This example was considered in the Storm Overflow Evidence Project (Stantec, 2021) and it was estimated to cost up to £600 billion or just under an increase of £1000 to water bills. Thus, one could characterise this as an ‘excessive’ cost to meet the goal of the Environment Act. 
It is not that the two regulations cannot exist simultaneously, it is that precedent definition of excessive under UWWTR (1994) of which many in the industry has worked towards contradicts the new legal obligations in the UK. Therefore, opening up questions to what the new definition of excess will look like in designing, constructing or maintaining sewage collection assets including the new assets of monitoring equipment. This is a current and urgent debate in the UK and one in which the UK has not found a consensus on. However, it is also one that can be seen occurring in other countries. For countries still in Europe, they are subject to the new requirements of the recast of the UWWTD (EU, 2024) but the UWWTD has not lost its requirement for not exceeding excessive costs. Therefore, discussion around accepted understanding of excessive costs is also occurring in Europe. 
This next section considers how uncertainty and risk appetite may interact with a possible new definition of excessive in investigation level of pollution levels from SO. Neither uncertainty nor risk appetite has been a prominent component in prioritising funds to understand environmental harm before, thus either of their inclusion would be rather a new approach to understanding BTKNEEC under UWWTD, as well as understanding the potential costs involved in implementing the Environment Act (2021). 
6.1.1 Sensor Choice 
The initial cost for English water companies is to acquire the sensors. As it stands there are currently 14,285 SO in England (DEFRA, 2025c), which under section 82 would need a continuous water quality monitoring both upstream and downstream of the asset. Therefore, excluding the odd sites where clustering would be permitted, that is approximately 28,000 monitors that need to be acquired and installed. It is true that over the last few decades there has been technological advances over the last few decades which allows a program like this to be feasible. This both technical advances in sensing capabilities but also advances in data transmission capabilities. 
The change in scale at which the Environment Act calls for digitisation of the river network is significant. To put it into comparison with AMP7, this thesis used sensor data collected from two water companies in Amp 7 which totalled data from 41 locations, whereas the Environment Act calls for sensor data from 28,000 locations. It is expected that total rollout should be completed by 2035 with up to 25%, equivalent to around 7000 units, completed by the end of AMP8 in 2030. In PR24 (OFWAT, 2024) OFWAT has permitted £651 million for continuous water quality monitors which, though a small component of the total expenditure allocated this price review for regulating and improving SO, is substantial. 
The cost of current price range of the instruments is believed to be subject to the quantity of units a water company would order. There are two possible external factors that will contribute to the price; that is cost of the raw material in the sensor which is related to the monitoring method, and the demand compared to the supply of sensors. Using a different monitoring method of the parameter of interest, will use different raw materials and could have different sensor maintenance needs, and hence have a different total cost. Raw materials themselves are also subject to fluctuating costs due to worldwide supply and demand. The other contribution factor to cost is supply and demand, with a higher demand likely creating economies of scale. 
The current acceptable variety of sensors the UK water companies may use is limited by the requirements outlined in the Continuous Water Quality Monitoring Programme Interim Technical Standard Report (CWQMP ITSR) (DEFRA, 2024). These requirements align closely to BAT currently available on the market for DO, pH and Temperature sensors (see YSI, 2012), limiting the variety of sensors to one that comply with these manufacture bandwidths. It then goes on to state that sensors outside these accepted levels would be ‘deemed non-compliant’ (DEFRA, 2024). So, water companies would not be resilient to any complications with the supply of these sensors. For ammonia, BAT would be the order of ± 2mg/L which could be up to x104% of reading, whereas the CWQMP ITSR allows up to x106% of the reading, so there could be the argument that variety of sensors may already be deemed acceptable for Ammonia. However, the work in chapter 3.1 showed that considering the smaller uncertainty bandwidth of ± 2mg/L, without considering risk (the current methodology), is not sufficient in the majority of locations to understand environmental harm using the FIS. Hence a larger uncertainty bandwidth also likely to be insufficient at the majority of the locations. 
As this work shows that different locations are sensitive to uncertainty bandwidths (see chapters 3.1 and 4) this would indicate that an alternative approach to determining acceptable level of uncertainty may be more suitable. Instead of focusing on the capabilities of the sensor currently on the market, which may change over time, the guidance should focus on the impact uncertainty has on determining environmental harm. For instance, a better rule in the UK regulatory landscape could be that sensors must be able to report exceedance counts within a range of ± 3 exceedance for the return period of 1 month, ±1 exceedance counts for the return period of 3 months and 12 months, in order for the sensor to be compliant. Different return period should have different impact on exceedance count by using the same sensor as they have different threshold, they will have different PTR values (see DIAGRAM/ chapter 4). 
Locations that are deemed most sensitive to uncertainty would be required to have the most accurate sensors, whereas locations less sensitive to uncertainty may at the water companies’ discretion use other less accurate sensors. As these sensors are not top of the market they may have lower price, though this is not guaranteed. But more importantly, in terms of price, it provides water companies more room for negotiation when communicating with manufactures on price of the sensors. With the current methodology, the manufacturer knows at the start of the negotiations exactly the specification all the water companies want, and therefore vendors who have that specification can dictate the price. Permitting a larger variety of sensors specifications, does not only reduce the likelihood of one sensor specification price being exponentially increasing purely due to demand, but also may allow alternative vendors into the market increasing competition and hence reduce prices. 
Additionally, if an issue in the supply chain arises and there is a six-months or longer delay for instance on the luminescent dye used in DO optical sensors, then a DO electrochemical sensor may be bought and used. This means that water companies would not be penalised for six months loss of data in that location. Currently if water companies do not wish to be penalised for loss of data, would need to stockpile sensors for resilience against shocks to the supply chain, which would only increase the demand more for particular appropriate sensors. 
The regulators should investigate if paying inflated prices for sensors, due to structure of guidance currently in place, should be considered as excessive or acceptable expenditure under UWWTR 1994 requirement of BTKNEEC. 
6.1.2 Maintenance of sensors 
The next expected expenditure of the Environment Act is that of maintenance of the sensors. It should be noted that this is an expenditure that is excluded from environmental funding programs such as WINEP and is expected to be accounted for day-to-day working cost of the water companies. 
Following the ‘best technical knowledge’ principle of BTKNEEC regarding maintenance would be to follow a two-week maintenance program in accordance with the manufacture guidelines to prevent sensor drift particularly in the ammonia sensor (YSI, 2012). Therefore, taking the premise of 28,000 sensors for the Environment Act, across England there would need to be 728,000 site visits every year. If assume that 3 site visit could be done on average in a day (to allow travel between sites), and then that an individual would work 252 day a year (which is only removing weekend and UK public holidays, no additional paid leave), and that lone working is likely not permitted in accordance with health and safety regulations, then it would require 1926 individuals working full time.  If all 1926 individuals were paid an annual salary of £21,000 then the annual budget spent on salaries alone to maintain the sensors would be over £40 million across the nine England sewage operators. 
Currently there is no ‘best technical knowledge’ which would provide water companies with a reason to deviate from the manufactures’ guidelines. However, if 60% of sites could follow a 4-week maintenance program, the number of total site visits annually would fall to 492,800 leading to a reduction of 68% of the required number of individuals working to 1304, or a reduction to the salary budget over £13 million for England or £1.4 million per water company. Disregarding any saving in cost of fuel to travel to the sites and the possible reduction this may have on carbon emission if transportation was not fully electric. 
There are many causes for in which a sensor can drift. However, there is very little research done for in-situ ammonia sensor in rivers. It is recommended future research done to understand the probability distribution function of poorly maintained sensor in rivers.  Figure 22 shows a thought example whereby the error distribution of the sensor has become skewed, though the general idea could also be applied if the normal distribution is simply shifted. If one accepts the concept proposed in chapter 3.2 that the user of the data, for instance water companies, can accept risk by where on the probability distribution curve of uncertainty one choses to consider, then that concept of risk can be applied to data from a sensor which has drifted.   If the user of the data wished to use a 0.2 risk profile, then ignoring any considerations to sensor drift they would use a value 1.1 mg/L. If the user of the data wished to use a 0.2 risk profile on the new probability distribution function it would come to 0.8 mg/L. The value of 0.8 mg/L can be found on the normal probability distribution curved where 0.6 mg/L (the recorded value) is mean value. For the example above, it is around the 0.4 risk profile. Thus, these difference in risk profiles, between 0.2 and 0.4, is the accepted risk the user takes on by using data where sensor drift has occurred. Thus, sensor drift may not need to be eradicated though a strict maintenance program but can be accounted for by risk. 
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Figure 22: A diagram of a thought experiment illustrating the impact of risk where the ‘expert’ does not believe that the most likely value corresponds to the recorded value due to sensor drift and creates a skewed distribution.  
As this work shows that different locations have different sensitivity to risk profile, accepting more risk in terms of altered/skewed probability distribution will result in differences in exceedance counts. Just as the buying of sensor, it is proposed that the guidelines around maintenance are linked to impact on the ability to identify environmental harm, and not on simply on the manufacture’s specification. For example, guidance on maintenance regimes must be designed to a standard where the quality of the data does not interfere with the intended purpose of the data, in this case the count number of FIS exceedance occurred in any given year. 
As sensors are a requirement of the Environment Act, the cost to maintain the sensors must not be observed as an excessive expenditure. However, if excess maintenance was occurring, for instance visiting sites daily, that could be seen under UWWTR as excessive expenditure. Guidelines do not currently exits specially stating the regulators view on accepted level of maintenance.  


6.1.3 Solution Design and risk aversion
The transition to monitoring under the Environment Act from modelling under the UPM manual is altering the process used to identify locations that require solutions. The landscape in England is transitioning from a system where a very small number of locations are selected for the UPM procedure to one where all locations are simultaneously considered under SOAF and SODRP (see Figure 1b and 1c).  
A key finding of the interviews (section 5) was that one of the driving forces behind the risk-aversion level at the English water companies is the current financial setup to which they have to create their plans to. Under the old set up (figure 20) it is a linear function, where locations are prioritised at the start and removed from the prioritisation once agreed to start an investigation. There is no mechanism to review locations which have already received funding. This means that once funding has been allocated, solutions must be built with the mindset that this location will not receive any more funding and hence built to a size that can manage with the current and potential future issues. Thus, an aversion to risk is expected as there are no resources available to handle risk in future, so it is deemed best practice to deal with potential risk in the present. The crucial aspect is that to some degree the risks in the future are hypothetical and unknown risk cannot be accounted for other than simply adding in safety factors. With locations being removed from this prioritisation list once the solution was built, the reality of whether the solution did endure any unaccounted risk which rendered the location to become unsatisfactory again remains unknowable for the vast number of locations. There was no process for reviewing whether being risk averse provided any benefit, or whether it needlessly increased the cost and the use of carbon. 
Under the new set up (figure 21) one would expect this to at least continue, if not become more risk averse. This is because there has been no indication that the financial set up will change; under the current OFWAT financial review process still it is expected that allocating funding to a location twice would be seen as inefficient resource management. The change in the new set up, is that there is continued monitoring, providing data on whether the solution continues to be satisfactory and penalised with monitory fines if the SO does become unsatisfactory again. Therefore, the legacy of accounting for potential risk in the present remains. However, the consequence of not accounting for a potential risk has become more substantial. This is expected to result in conditions more susceptible to aversion of risk. There is also the possibility of positive reinforcement when it comes to risk. That if it is shown that accepting a certain level of risk allowed a particular location to not become unsatisfactory under stated conditions, such as unusually large rainfall event, then the conclusion may be that current practices will provide acceptable results everywhere. This works shows that this is likely to be incorrect as different locations have different susceptibility to uncertainty and risk. Thus, uniform practices are unlikely to produce uniform results. 
Nevertheless, the change to continuous monitoring is one that could be an opportunity to engage with the regulators around what is ‘excessive expenditure’ when it comes to solution design. At the moment there is no discussion around possibility for ‘extra’ funding opportunities for locations after solutions have been built. Whereas this would be a radical change to the setup of the water industry. Let’s consider a situation where this changed. The current way of thinking is that if the water company choses the smaller cheaper solutions, that just a financial saving to the water company. However, imagine if this money was agreed with OFWAT to be put in a hypothetical pot. This hypothetical pot may be an agreement, where ‘risk’ is absorbed in this AMP in order to protect customers from sudden increases in prices, only under the condition that in a future AMP, OFWAT has theoretically already agreed to that spending, in case the data shows the risk of a smaller solution was deemed unsatisfactory. It could be imagined as a pass-forward credit. Then as part of asset management plans, the success rate of solutions is quantified and reported to the regulators. Where solutions are deemed satisfactory, no remedial action is required, even if the solution is smaller than originally designed. Where solutions are not deemed satisfactory, money is taken from the pot for additional solution/s to be designed. 
This type of thinking may be seen a radical change to the water industry set-up is because OFWAT currently heavily focuses on inefficiencies, and doing two solutions would currently be seen as highly ineffective. However, an argument could be made that this financial structure offered by OFWAT actually promotes inefficiency and higher bills for customers. That the promotion of one-attempt structure incentivises water companies to construct larger solutions and requires customers to pay for it all over one AMP cycle. OFWAT’s argument for the one-attempt structure being that customers should not have to pay twice for the same objective. But what if it was not seen as paying twice, but just in two stages. That the actual issue of inefficacies lies with customers paying more money that necessary without any additional benefit observed. Previously that assessment could not be made as there was no post-construction data collected to understand wasted resources. But this proposed two-stage approach, which takes advantages of the continuous monitoring program, could reduce cost overall as extra capacity is only being added where needed, removing over-constructing in locations that never use the safety factors added in.  
Adaptive planning is a flexible approach which aims to consider uncertainty in the planning process (Rangwala, 2024). It usually focusses on the impact of climate change (Haasnoot et al., 2024), though has been considered in the context of circular economy and population growth. According to the Schoemaker (2022) is it can balance the known and unknown as well as bridging the gap between different approach favoured by different stakeholders. The tools created in this thesis can help with the adoption of adaptive planning, though the consideration of uncertainty and risk. 
One clear message from the interviews, is that building in the same site twice, would disrupt the lives of customers twice, and that this is unacceptable. Hence, another part of the decision to build smaller, must be an understanding of where else in the system or catchment a later solution could be built, whether this be another storage tank or a blue green (SUDs) infrastructure. Some locations may already have future plans for schemes such as SUDs for other objects in the catchment such as flooding proposed in DWMPs (OFWAT, 2025) and this could be taken into consideration when deeming locations appropriate for taking on risk.  
The possible reputational damage of a solution not being compliant may be as substantial as any financial saving from smaller solutions, rendering this whole concept of accepting risk and then reviewing the risk not possible. Thus, a part of this process may have to include an agreement with the EA; that sites which have solution under review are either exempt or capped in regard to monetary fines for non-compliance. This may be part of the agreement water companies ask for when the risk is agreed by EA and OFWAT originally before the solution is built and tested. For both the reputation of EA and water companies, it important that locations that are non-compliant are flagged and reprimanded. But for this to work, there would have to be some level of acceptance, by all parties, that not all locations may produce satisfactory level of protection with smaller solutions, which is why there is the monetary structure in place to allow additional resources where needed. There is precedent through the EA procedures, to understand whether there is planned work in the area while assessing the appropriate level of reprimand, which one could argue that this would be an extension of. That possibly there should be a distinction between a location that is non-compliant, and the water company has done nothing about and a location that is non-compliant and the water company has not done enough about. That distinction may be hard to communicate to the public, so there may need to be someway of flagging or classifying locations in process of solution design/construction and not removing that until the full review process has occurred. It is also recommended for industry to consider whether it would be deemed appropriate for water companies to pay fine out of the pot of potential savings from smaller solutions, or whether that pot should have restrictions put upon it to only be used in solutions to protect the environment. 
6.2 Transparency 
Regarding transparency, there are two areas which need consideration when it comes to uncertainty and risk. The first is transparency around the current technical capabilities in understanding environmental harm and the second is transparency around the decisions made in the process of identifying locations and moving them through to construction of a solution to prevent environment harm.  
The SODRP claims that ‘These new duties on monitoring will increase transparency and provide the government, regulators and the public with the information to take action and hold the industry to account’ (DEFRA, 2023b, pp. 38). But that transparency can only occur once the viewer is confident that the data can inform on whether environmental harm has occurred. This work showed that in certain locations, particularly for UA, current BAT does not provide the required level of confidence. Thus, as discussed chapter 3.1, this has implications on regulating the industry as currently two water companies can have different consequences for comparable environmental harm due to different levels of a location’s sensitivity to uncertainty. A key finding from the interview is that idea of ‘fairness’, that all water companies should be held to comparable standard. Therefore, it is recommended that the industry firstly recognises this inequality and secondly communicates it to all stakeholders which have access to the open data. Hence this includes the public. It may be that locations are flagged where FIS is deemed to be an inappropriate methodology of determining environmental harm due to sensitivity to uncertainty. Regardless of how the industry choses to communicate the message around uncertainty, without clear messaging to the public, the SODRP claim around transparency level desired from section 82 of Environment Act will be hard to achieve. 
In terms of the process to solution design, the major issue around transparency is that risk and uncertainty is not explicitly documented in the process. An example of where this could change is in the process of draft determinations. In the first round of OFWAT draft determinations, a water company could outline their plans, specifying for each location a preferred risk appetite band. Whereas this could be uniform across all locations, a water company, may also wish identify locations where for particular reasons they are willing to accept less risk. This could for example be for locations close to a bathing water site, being in a recognised site of natural beauty, or close to vocal local community groups or any other key priorities. It is believed from the results on the interviews that their preferred risk appetite would be risk adverse. Thus, most probably originally asking OFWAT for larger amount of money. At this stage they may wish to consider locations’ sensitivity to risk and uncertainty and create a list of locations where financial saving can occur through accepting higher uncertainty or risk levels. This may be sensor choice, or maintenance regimes as outlined in section 6.1.1 and section 6.1.2, but it could also be smaller solution designs. Therefore, when or if OFWAT rebuts the initial draft determination proposal, the next draft can have detailed explanations about the risk and possible implications of these risks the water company is willing to (with both OFWAT and the EA approval) accept in order to meet or move closer to OFWAT’s financial expectations. This offers a level of transparency at least to the regulators around the decision process between steps taken to achieve the desired and actual level of protection for the environment. 
6.6 Uncertainty and risk appetite in other contexts 
Primarily this work has had a UK focus, with the use of FIS and interviewing UK practitioners, however the environmental impact of non-treated sewage, as well as the concepts of uncertainty and risk are universal. Therefore, the work presented in thesis will be considered in the context of two different countries (China and Malaysia) as well as a different environment problem (air quality). 
6.6.1 China 
From a western perspective, one has to acknowledge limitations in understanding the relative importance environmental harm caused by SO currently in China. One has to accept the report China translates for western consumption. In reviewing reports on the state of ecology and environment in China, there is very limited acknowledgement to the identification of SO as a cause of water pollution, in contrast to the extensive impacts of other environmental concerns such as acid rain. In the 2023 report it was noted that across the country 250,000 sewage outlets had investigations, of which 1/3 had complete recertification (Ministry of Ecology and Environment, People's Republic of China, 2023). It is unclear, possibly due to translation error and the limited explanation, whether recertification means that 1/3 passed the investigation and its permit was re-instated or whether 1/3 investigations failed and had their permit review and altered in line to the reality of their use. Either way this implies that the scale of untreated sewage exiting SO in China is extensive as even best-case scenario with a 1/3 failing investigations would be over 83,000 SO identified as non-compliant 2023. 
China’s political structure is hierarchical and designed so loyalty is directed to the party not the individual. Therefore, one may suspect that risk appetite described in China policy would not be dependent on the individual but regulated by party. However, it is proposed that in reality may be the opposite and it heavily influenced by key individuals personal risk appetite. China operates on a 5-year cycle, both at the national and local level. At the national level, every five years individuals are elected to the Central Committee oversee the long-term social and economic policies and at the local level lower-level members of the party are moved around to different geographical regions to oversee the implementation of these policies. From the Central Committee side, difference in priorities can be observed from different five-year cycles. For instance, in the 13th Five-Year-Plan (2016-2020) (Central Committee of the Communist Party of China, 2016) there was an emphasis on the environmental policy to see a decrease the discharge of major pollutants into receiving waters. Whereas in 14th Five-Year-Plan (2021-2025) ) (Central Committee of the Communist Party of China, 2021) the major environmental policy focused on a clean and secure low carbon energy supply. It is speculated that focus on the committee focus may relate to the personal experience and opinions of the individual elected. If they do not prioritise water quality improvement, the risk-taking actions may be adopted at the local level with reallocation of funds to environmental policies which are prioritised by the Central Committee. It is also suggested that risk appetite may also be dependent on the individual elected to oversee that particular region. There is a general acceptance they are permitted to adjust policies and strategies to the specific reginal requirements, but also to be promoted to higher positions in the party, their regions should show exceptional progress. Therefore, it is speculated that depending on the individual drive to progress in the party, a region may exhibit more risk averse or taking approach to SO depending on the speed at which the individual in charge of the region wishes to see improvements and the regard the individual places on the fact that a different person will review how they leave the region in 5-years’ time. It is not known who will follow or what their current or future influence in party will be.   
6.3.2 Myanmar 
[bookmark: _Hlk201757802]Myanmar is an example of a country that does not have a well-established sewage infrastructure. Currently only 10% of its sewage is collected and treated and only in major cities (Japan International Cooperation Agency, 2019). It also has no national ambient water quality standards (Japan International Cooperation Agency, 2019). This limits the applicability of the approach set out in this thesis, that one can understand acceptable levels of uncertainty in relation to its effect on regulatory compliance and the risk profile of the decision-maker in relation to non-compliance. If there is no compliance procedure, one cannot non-comply. Currently therefore it is probably assumed that the risk profile of the nation is risk-taking, as much of the sewage is not treated and there being no consequence for environmental impact. 
If one takes the assumption that Myanmar may imposes standards in the future, they produced guidelines in 2012 (Japan International Cooperation Agency, 2019) as a route to regulatory setup and already has a regulatory body, the Sewerage Services Department, how applicable in the future could the work in this thesis be. Primarily this work focused on an environmental impact and economics implications of retrofitting an already established centralised system with SO assets. With such limited already existing infrastructure, Myanmar may wish to adopt a decentralised approach particularly for its rural areas, which focuses on treating wastewater close its source, such as in the local community, or even at the household level (Muzioreva et al., 2022). It is recognised in academic literature that such approaches cost be more cost-efficient, as it removes capital as well as some maintenance cost which can be beneficial for low lower-middle income countries (Muzioreva et al., 2022). Such an approach requires a high level of engagement with the public, which could have two consequences for the risk profile adopted by the Sewerage Services Department. Firstly, it may encourage risk-adverse stance due to fears of public health risks, from the public’s direct contact with such systems. Secondly, a decentralised system may lessen the combativeness nature between the water companies, regulators and public which observed in the UK. This combativeness for the UK is a strong driving force in the overall risk-averse profile, but if the public are more involved and more educated in the process of collecting and treating sewage, there may a higher influence of the individual’s risk profile and how they wish to engage with the system. 
6.6.3 Air Quality 
Outside the use in the water industry, concept developed in this work could be used in other environmental practices. This work focused on the sections on the Environment Act (2021), 81-84 on the water quality, but in previous sections (Part 4 sections 72-77) focuses air quality. Just like the call for digitalisation of the water network, there is also a call for local authorities to uses sensors to understand air quality, particularly that of particular matter 2.5 and 10. Both of which in the UK has a concentration threshold-based regulation, the difference is that wate quality follows the scientific approach of concentration-duration-frequency whereas the air quality regulation follows a more pragmatic approach of concentration aggregation so data collection can occur at a courser timestep. Uncertainty affects both data, currently air quality must fall with 25% band for the total year (UK AIR, 2025).  Furthermore, just like with the water data, the purpose for this air quality data is to be the justification of the billions of pounds of investment however for air quality the angle is much more focused on improving the health of the UK public. Therefore, one would assume that the risk appetite would be much more averse, as public health is usually viewed more consequential than environmental health. The existence of SO is evident to that; that stagnant sewage enters to rivers, so it does not enter residential or commercial properties. That is a decision between environmental and public health. But the decision to make the regulation pragmatic and not scientific may imply that the air quality sector is more risk-taking as it reduces the consequence of becoming non-compliant. Practitioners cannot be confident that at the instance of non-compliance there is direct consequence. But compliance implies good ambient air quality and that usually results in better public health.    


[bookmark: _Hlk201744692]Chapter 7: Conclusion
The first conclusion of this thesis is that the work demonstrates that both uncertainty and risk appetite can alter one’s understanding of whether environmental harm has occurred from SO and thus both should be considered in regulatory compliance assessments. The work in chapter 3.1 illustrates that at certain locations the sensitivity to uncertainty is of a magnitude which makes the assessment of environmental harm using FIS and BAT not reasonably possible. For UA at a considerable number of locations the change in the number of FIS exceedance counts due to uncertainty was larger than the number of permitted FIS exceedances (Table 3, section 3.1). It was also shown that different locations have different levels of sensitivity to uncertainty. This has consequences when regulating the sector, as currently two water companies can have a comparable impact on the environment, yet as a result of a location’s sensitivity to uncertainty, they could have different consequences such as either receiving a monetary fine or not receiving one. One of the results of the interviews presented in chapter 5, indicated that the concept of regulations being ‘fair’ to water companies is very important to practitioners in the sector.  
Academic literature suggests that uncertainty should be considered with the concept of risk, which currently it is not. From the interviews it is evident that the UK water sector does operate in a risk averse manner, however, risk is currently considered in an opaque manner without any documentation or agreed procedure. It is therefore recommended that the sector agree a methodology of quantifying risk, such as the methodology proposed in this thesis in chapter 3.2. Here the risk profile corresponds to a point selected on the probability distribution function that describes uncertainty related to the accuracy specification of a sensor. Risk was also demonstrated to be able to influence final FIS exceedance counts, hence the sector should engage with and be transparent about its risk appetite. 
Considering uncertainty in the FIS thresholds was identified in chapter 3.2 to be as influential in determining the final FIS exceedance counts as considering the uncertainty related to the accuracy of the monitoring equipment and considering risk profiles associated only with the monitored dataset. As the FIS methodology uses the monitored data to calculate the FIS thresholds, the FIS thresholds are also susceptible to the uncertainty associated with the monitored dataset. Following this a new term was created called Parameter-Threshold Ration (PTR) which can be used to gain an understanding of the likelihood of a location interacting with the regulatory threshold. A three-stage diagram was developed where a location is either always exceeding the threshold or sometimes exceeding the threshold or never exceeding the threshold. The shape of the function in the 2nd stage of the PTR diagram was shown to be first parameter specific, with DO and UA having two distinct different functions, and then secondly location specific. Thus, the concept of PTR can be used to demonstrate a location’s sensitivity to sensor uncertainty and risk appetite. The benefit of PTR diagrams is that it allows the abstract concepts of uncertainty and risk to be visualised when engaging with stakeholders. The concept of PTR, though developed and validated on 41 water quality dataset using FIS, is believed to be applicable in other scenarios as long as there is a threshold and parameter which may exceed it. 
The fact that different locations have different sensitivity to uncertainty and risk also has economic implications. Currently the UK is undergoing regulatory change, where the concept of ‘excessive expenditure’ is currently being recalibrated. Whereas uncertainty and risk have never been used to understand ‘excessive expenditure’ is it is proposed that it could be in the future. One example given for this was using how the tools created in the thesis could be used to advise on a maintenance regime for the continuous water quality sensors. It is proposed that when checking compliance with FIS, while using data where it is accepted that the sensor has drifted is a form of accepting a risk, and that this may be permissible if it does not alter the final FIS exceedance count. Though future work is needed to understand the probability distribution function describing uncertainty related to using a water quality sensor that has been less regularly maintained would be required to understand the extent of risk one is accepting. The largest economic impact of uncertainty and risk is around the decision whether environmental harm has occurred, and therefore whether a solution is required to be designed and implemented. 
Whereas this thesis has primarily focused on how uncertainty and risk effects the assessment of environmental harm from SO from an English perspective, using FIS standards and interviewing British practitioners, it has consequences countries as well as other environmental contexts. It is recommended that the topic of uncertainty and risk presented in this thesis is also studied from a social science perspective. This thesis presents a methodology of how the sector may engage with uncertainty and risk, however, as the data from the continuous water quality monitoring program will be made public there needs to be an approach to how the public can also engage in uncertainty and risk. 
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Figure A1: The average change in UA values compared to UA values without data uncertainty data for all 41 locations, plotted against percentage change in the data value due to pH data uncertainty for UA 
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Figure A2: The average change in UA values compared to UA values without data uncertainty data for all 41 locations, plotted against percentage change in the data value due to temperature data uncertainty for UA 
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Figure A3: The average change in UA values caused by the parameter uncertainty compared to UA values without uncertainty in all 41 locations, plotted against percentage change in parameter B due to parameter uncertainty in Equation 1 (chapter 3.1). 


Table A1: Questionnaire sent to participants to complete before interview
	1.
	Which best represents the organisation which currently employs you?

	
	Water Utility
	Consultancy
	Other (please specify)
	

	2.
	State current job title and briefly describe the current role. 

	
	

	3.
	Please state number of years working in the urban drainage sector.

	
	0-3 years 
	4-9 years
	10-15 years
	16-24 years
	25+ years 

	4.
	Who would you interact with in your current day-to-day job activities? Select all that apply. 

	
	Internal (own team within organisation)
	Internal (other teams within organisation)
	Environmental Regulator (EA)
	Financial Regulator (OWFAT)
	Governmental Body (DEFRA)

	
	Client (water utility)
	Client (consultancy)
	Local Council
	Other (please specify)
	

	5.
	In your career, have you stayed in current organisation or moved between organisations? If the latter, please specify relevant organisations you have worked at.

	
	Yes
	No
	

	6.
	Please select all the statements that apply to you.

	
	I have chosen a location for the assessment stage of intermittent discharges water quality schemes.
	

	
	I have worked on the assessment stage of intermittent discharges water quality schemes.
	

	
	I have completed work which required a working understanding of Fundamental Intermittent Standards (FIS). 
	

	
	I feel comfortable with my understand of what FIS analysis means for the receiving rivers water quality. 
	

	
	I have recommended a location to progress on to solution design stage to comply with regulation.
	

	
	I have chosen which locations that are funded for solution design stage process. 
	

	
	I have worked on the solution design stage of water intermittent discharges water quality schemes. 
	

	
	I have been involved in the decision for which solutions are to be funded for implementation. 
	

	
	I have overseen the implementation of a solution. 
	

	
	My day to day activates is usually focused on the environmental aspect of the schemes. 
	

	
	My day to day activates is usually focused on the financial aspect of the schemes. 
	

	
	My day to day activates is usually focused on both the environmental and financial aspects of the schemes.
	

	
	Thinking about previous water quality work, I could identify sources of uncertainty.
	

	
	I have some understanding of the links between uncertainty and risk in a water quality study.
	

	
	I have previously completed risk analysis on water quality schemes. 
	

	
	I understand the differences between financial and environmental risk and could communicate this to others.
	

	
	I understand the relationship between financial and environmental risk and could communicate this to others.
	

	
	I have not completed any work on intermittent discharges water quality schemes.
	

	7. 
	In your day-to-day workload do you primarily work with monitor data, modelled results, or processed information? 

	
	Primarily monitored data
	Primarily modelled results
	Both modelled and monitored results
	Primarily processed information
	All three; monitored, modelled, and processed information 
	Other (please specify)
	

	8. 
	In 3 or less sentence, what do you believed is meant by the phrase ‘observed data’ ? 

	
	

	9. 
	Please write your understanding of the term ‘environmental risk’ in relation to the urban drainage sector. If you do not feel comfortable defining this term, please write;
Unable to define term. 

	
	

	10.
	Can you briefly outline your current understanding of water quality regulation of intermittent spills in England prior the Environment Act? 

	
	

	11.
	Regulation around water quality of intermittent spills regulation is changing, can you tell me bit about your understanding of how it may change because of Environment Act? 

	
	

	12.
	How influential on a scale of 1-10 do you believe the change in regulation caused by the Environment Act to be in changing your day-to-day activity? With 1 being not influential at all, that you foreseeable no change to your workload or pattern in the future as the result of the change in regulation and 10 being very influential, that you feel it may alter my day-to-day actives or overall workload considerably.

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	13.
	Would you prefer modelled or monitored data to drive decisions in the urban drainage sector? If you have a strong opinion why please specific, otherwise leave the comment section blank. 

	
	Modelled
	Monitored
	Either
	A combination of both
	No preference

	
	Comment 
	

	14.
	Any final comments you would like to share at the time? 

	
	



Table A2: Table illustrating format of the interviews with pre-prepared questions. 
	5 minutes
	Opening remarks, thanking them for giving time up, rearming rights to withdraw, checking consent verbally, checking and recapping information provided by questionnaire. 

	Question 1 
RQ_1a
10 minutes
	Main Question: 
	In the questionnaire it was noted that you worked on the assessment and solutions stage can you talk me through the work that you have completed? What was your contribution? Do you remember any discussion you had around uncertainty? 

	
	Sub Questions to considered depending on what is said:
	What kind of implications do you think considering uncertainty has in your projects you have worked on? 
Do you feel the industry acknowledge uncertainty in its decisions process? 
How important do you believe considering uncertainty to be in your current role? 

	Question 2 
RQ_1b
10 minutes
	Main Question
	So you talked about [include overview of Q2] thinking about that same body of work what consideration to risk was there? In the conversations about uncertainty was risk mentions? To what extent or why not? 

	
	Sub Questions to considered depending on what is said:
	What kind of implications do you think considering risk has in your projects you have worked on? 
Do you feel the industry acknowledge risk in its decisions process? 
How influential do you believe your is risk appetite to in your current role description?

	Question 3
RQ_2 and RQ _3a
10 minutes
	Main Question:
	The Environment Act 2021 calls for continuous monitoring data in England. Do you feel that the type of data (if it comes from modelling or monitoring) would change processes you have described previously to uncertainty and risk considered? 

	
	Sub Questions to considered depending on what is said:
	Do you feel the urban drainage sector understands how it will assess water quality impacts in river from the result of intermittent discharge in the future? 
How do you see the type of data or information that a person of your level in water sector will receive to complete their job in the future changing? 
Do you foresee any impacts from losing the stage where locations are screen before studied for ecological harm for the organisation of workload in the sector generally and more specifically do you foresee your job level role day to day activities changing? 


	Question 4 
RQ_3a
10 minutes
	Main Question:
	Can you describe the process you can foresee for designing solutions in the future may look like with increased number of locations assessed for ecological harm due to continuous monitoring being implemented due to the Environment Act? 

	
	Sub Questions to considered depending on what is said:
	How do you think locations may be chosen in the future to be passed on to solution design? What are the criteria you will see as important of a location to receive financial backing for solution design? How influential do you believe are external pressures will be to this choice? 
Which do you believe will be a priority for the urban drainage sector in the future; to tackle the few ‘extremely bad’ locations (historic approach), or a focus on a larger number of ‘just failing’ locations? 
How important do you feel integrated modelling schemes to be in future compared to monitored schemes which are required by the Environment Act? 


	Question 5 
RQ_3b
10 minutes
	Main Question
	What do you believe the implications may be of open data for water quality impacts in river from the result of intermittent discharge assessment and solution design? 

	
	Sub Questions to considered depending on what is said:
	Do you foresee any impacts from losing the stage where locations are screen before studied for ecological harm for the organisation of workload in the sector generally and more specifically do you foresee your job level role day to day activities changing? 
Can you foresee any other consequences of continuous open data for the practices of the water sector? 
How much risk to insufficient design do you think will be accepted in the sector in the future? 
Do you believe that a reiterative approach to solution design (the idea that a solution can be assessed after it is implemented and adjusted if needed) is something the urban drainage sector should consider? If so, how important do you believe the regulators (financial and environmental) to be in implementing such a change in practice? What kind of timeframe would you say is appropriate for such a scheme?

	5 minutes 
	Bring to close. Thank again and reminder of rights. 
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