
Examensarbete vid Institutionen för geovetenskaper 
Degree Project at the Department of Earth Sciences 

ISSN 1650-6553 Nr 577 
 
 

 
 
 

 
 
 

 
 

A Risk Assessment Framework to 

Evaluate the Effect of Climate Change 

 on Drinking Water Quality 

Ett ramverk för riskbedömning för att utvärdera 

 effekten av klimatförändringar på dricksvattenkvaliteten 
 

 
 
 

 
 
 

 
 
 

 
 
 

Shivam Gusain 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

INSTITUTIONEN FÖR 

GEOVETENSKAPER 
 

D E P A R T M E N T  O F  E A R T H  S C I E N C E S  





Examensarbete vid Institutionen för geovetenskaper 
Degree Project at the Department of Earth Sciences 

ISSN 1650-6553 Nr 577 
 
 

 
 
 

 
 
 

 
 

A Risk Assessment Framework to 

 Evaluate the Effect of Climate Change 

 on Drinking Water Quality 

Ett ramverk för riskbedömning för att utvärdera 

 effekten av klimatförändringar på dricksvattenkvaliteten 
 

 
 
 

 
 
 

 
 
 

 
 
 

Shivam Gusain 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
ISSN 1650-6553 

 

Copyright © Shivam Gusain 

Published at Department of Earth Sciences, Uppsala University (www.geo.uu.se), Uppsala, 2022  



 
 

Abstract 
 

A Risk Assessment Framework to Evaluate the Effect of Climate Change on Drinking 

Water Quality 

Shivam Gusain 

 

The impact of climate change on drinking water is one of the fastest-growing challenges within the 

water sector. Microbial contamination of drinking water has been a serious issue for decades now and 

will exacerbate in the coming future. Until recently the impact of climate change was only evaluated 

qualitatively and there has been a growing need for a quantitative risk assessment. This review covers 

different ways of incorporating the effects of climate change into the risk assessment framework. A 

comprehensive search through two databases was conducted resulting in 596 citations being screened 

for relevance, of which 23 were confirmed as relevant. Ten risk assessment frameworks and 3 tools 

obtained from this review were used for the comparative study with the Swedish QMRA tool. Data from 

multiple frameworks and tools were extracted to identify potential additions required for the 

improvement of the Swedish tool. Two approaches, i.e. data-driven and process-based, were identified 

and the foundation for a new framework was set up. Two pathways to implement these approaches were 

laid out with the first being the addition of new modules to the existing tool and the second being the 

use of hydrodynamic and water quality models to predict the impact of climate change on infection 

risks. 
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Popular science summary 
 

A Risk Assessment Framework to Evaluate the Effect of Climate Change on Drinking 

Water Quality 

Shivam Gusain 

 

The microbial contamination of drinking water has been a challenging issue for decades now and is 

likely to become an even bigger hurdle in the future with the rapidly changing climate. Till now the 

impact of climate change has only been evaluated qualitatively and there has been an increasing demand 

for a quantitative risk assessment. This review covers different ways of incorporating the effects of 

climate change into the risk assessment framework to provide a more quantitative result. An extensive 

literature review was conducted to study the effect of different climate variables on the quality of 

drinking water and how these variables such as temperature, precipitation, flooding, droughts, etc. would 

change over the years. Different climate modelling tools were identified from across the globe that have 

successfully been able to integrate these climate change and socio economic variables into their 

framework. A comparative study was then performed to identify the key aspects that can be improved 

within the Swedish QMRA tool.  Two pathways for a new framework have been presented in this review 

with the first being the addition of new modules to the existing tool that would accommodate the 

different climate change variables. The second pathway makes use of multiple hydrodynamic and water 

quality models to predict the impact of climate change on infection risks. 
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1. Introduction  

One of the biggest concerns of consumers, water suppliers, public health organisations, and regulators 

is the microbial quality of drinking water. The World Health Organization (WHO) has estimated that 

there has been a significant impact on human health due to basic hygiene-related diseases. Around 2.2 

million out of the 3.4 million water-related deaths every year are caused due to diarrhoeal disease 

(OECD, 2003). A majority of these deaths have involved children under the age of five and have usually 

occurred in poor communities. Waterborne diseases have resulted in an economic cost of about 12 

billion US dollars per year globally (Alhamlan, Al-Qahtani and Al-Ahdal, 2015). These diseases are not 

just limited to the consumption of unsafe water but can also spread through physical contact with 

contaminated water. Globally almost 780 million people lack access to a purified water supply and about 

2.5 billion people do not have access to proper sanitation (CDC, 2015). An estimated 3.2% of all deaths 

across the globe have been attributed to unsafe water (WHO, 2010).  World Health Organisation has 

reported that an improvement in water quality could result in a 4% reduction in disease burden across 

the globe (WHO, 2015). 

    A big challenge regarding drinking water throughout history and to this day has been the assessment 

of the microbial quality of water in order to prevent the spread of disease throughout the population. 

Consumption of water containing pathogens like viruses, bacteria, and other microorganisms has led to 

several outbreaks across the globe (Figueras and Borrego, 2010). Since the beginning of the 20th century, 

the assessment of microbial quality has been done through analysis of fecal indicators in the finished 

drinking water being discharged from the drinking water treatment plants. This process provides 

information regarding the presence of pathogens in the finished water. However, on several occasions, 

scientists, public health agencies, and water suppliers have identified the presence of fecal indicators on 

the end of the consumer (Figueras and Borrego, 2010). Along with this, multiple instances of outbreaks 

have taken place even without the presence of fecal indicators which were either not eliminated during 

the treatment steps or were later reintroduced in the distribution system (Figueras and Borrego, 2010). 

    In order to prevent future outbreaks, an extensive run-through of the events responsible for the disease 

outbreak needs to be performed. The retrospective analysis of an outbreak is done in order to document 

the cause of the outbreak, facilitate new corrective measures with further development of a multiple 

barrier approach to avoid such events. An outbreak fault tree was created and applied to 61 outbreaks 

that occurred in the drinking water supply system within the EU (Risebro et al., 2007). In the assessment, 

the authors found that more than 50% of the outbreaks were caused directly or indirectly by the faults 

in the treatment process or the quality of the water at the source. Roughly 30% of the outbreaks occurred 

due to faults in the distribution network followed by the rest being attributed to a combination of weather 

events and inadequate treatment technologies. The majority of Cryptosporidium outbreaks were caused 

as a result of rainfall events and the presence of livestock in the area followed by a lack of filtration 

steps in the treatment process (Risebro et al., 2007). 1870 outbreaks have been linked to drinking water 
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from 1920-2002 and about 207 waterborne disease outbreaks have occurred between 1991 and 2002 

leading to over 430,000 people being ill. The majority of these outbreaks have involved protozoan agents 

such as cryptosporidium, Naegleria fowleri, and giardia and various bacteria like Salmonella 

typhimurium, Vibrio cholerae, legionella, Escherichia coli, and Campylobacter jejuni (Craun et al., 

2006). Even after years of development in the water sector, there have been multiple outbreaks in the 

last two decades. 

    Heavy rainfall and flooding events have led to an increase in contaminants in the water bodies through 

runoff. Throughout history, excessive rainfall has been closely associated with waterborne disease 

outbreaks. A majority of microorganisms such as E. coli, heterotrophic bacteria, fecal streptococci, 

Clostridium perfringens, giardia, and cryptosporidium are observed at high concentrations in water after 

an extreme runoff event (Auld, MacIver and Klaassen, 2004; Howe et al., 2002; Kistemann et al., 2002).   

    Water outbreaks are not just limited to contamination of water at the source but can be caused due to 

a variety of factors. The growth of microorganisms within the distribution system is dependent on the 

infrastructure, the architecture of the system, and the chemical coating applied on the surface. Low-

pressure events caused due to breakage or leaks within the distribution system could result in a backflow 

which could allow the pathogens to enter the system (Hunter et al., 2005; Ingerson-Mahar and Reid, 

2012). Lack of proper filtration has been associated with 90% of the protozoan parasite outbreaks while 

on the other hand the viral and bacterial outbreaks were majorly linked to the deficiency in the 

disinfection system (Risebro et al., 2007). The next factor that has become increasingly significant in 

the last few decades is climate change. The changes in temperature have resulted in an increase in the 

activity of certain microbes within the pipe network as they get trapped in the biofilm and later get 

released into the system with the flowing water (Ingerson-Mahar and Reid, 2012).  

    Several advances have been made over the years in the field of characterization and detection of 

pathogens in water as they play a very important role in microbial risk assessment. A framework was 

developed in Stockholm in 1999 which brought together the aspect of risk assessment and management 

in terms of water safety. Hazard Analysis Critical Control Point (HACCP), water safety plans, and the 

multiple-barrier principle were part of this framework (OECD, 2003). The existing QMRA tools used 

for drinking water have provided reliable results over the years but the unprecedented changes occurring 

due to climate change in recent years and future predictions regarding the trends have created a need for 

improvements in the framework. A new framework which can factor in the effect of climate change has 

to be developed to provide reliable information to the water suppliers. The overall risk being calculated 

by some of the QMRA tools does not take into consideration the socio-economic development factor 

which has limited the decision-making capabilities of the entities involved in the water sector.  

    The main aim of this study is to understand the functioning of existing QMRA tools and evaluate the 

capability of these tools to provide trustworthy results for the foreseeable future. This includes a 

comparative study with the Swedish QMRA tool in order to develop a new framework that can help the 

water sector assess the effect of climate change on the microbial quality of water. 
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The project deals with the following objectives:  

➢ Conduct a literature review of existing QMRA studies and tools with a primary focus on the 

effect of climate change 

➢ Assess which climate change variables have been accounted for in different QMRA tools across 

the globe  

➢ Compare the pre-existing tools with the Swedish QMRA tool 

➢ Develop a novel approach to accommodate different climate change variables into the existing 

Swedish QMRA tool 

2. Background  

2.1 Climate change and its impact 

Microbial contaminants in drinking water still pose an ongoing challenge to this day and are expected 

to exacerbate in the future. Climate-related events such as heavy precipitation which have been 

attributed to significantly impact the drinking water quality will witness a change in frequency, intensity, 

and duration in the coming decades (Cann et al., 2013; IPCC, 2014). Since the beginning of the 20th 

century, the change in climate has become more evident with the global mean surface temperature rising 

by about 0.7 oC (NOAA, 2006). The Intergovernmental Panel on Climate Change (IPCC) has projected 

that the mean surface temperature relative to the 1980-1990 measurement will observe a further rise of 

about 1.8 to 4.0 oC by the year 2100  (IPCC,2021). This increase in surface temperature leads to an 

increase in water temperature across the globe which has resulted in the exacerbation of the pre-existing 

problems. The frequency of extreme weather events is predicted to significantly go up because of the 

unprecedented climate change and will result in various flooding and drought events across the globe. 

Such extreme weather events usually lead to an increase in the level of contaminants in raw water 

sources which result in increased difficulty for water suppliers to meet drinking water quality standards 

(Cann et al., 2013). 

    Climate change impacts water quality in various ways both directly and indirectly. Flooding and 

drought events that have become increasingly common are two major contributors that affect water 

availability across the globe. Besides the quantitative impact, there is also a significant change in water 

quality due to climate change. The main factors involved are air temperature, frequency of extreme 

weather events, solar radiation, and the wetting-drying cycle of soil. Temperature is the key element that 

affects all physical, chemical, and biological reactions. An increase in temperature subsequently leads 

to an increase in solubilisation, degradation, dissolution, complexation, and evaporation (Delpla et al., 

2009). All these factors result in an increase in dissolved substances in water along with a decrease in 

dissolved oxygen which combined result in the degradation of water quality (Delpla et al., 2009). 

Change in temperature also leads to other temperature-dependent parameters such as redox potentials, 

and pH being affected (Delpla et al., 2009).  
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    Flooding and drought events also lead to either dilution or concentration of dissolved matter in water 

(van Vliet and Zwolsman, 2008). The study by Nichols et al. (2018) states that a majority of water 

outbreaks are preceded by both heavy and low rainfall events and hence it is important to take both of 

these into consideration when assessing the impacts of weather events on drinking water quality. High 

water temperatures, increased precipitation intensity, and extended periods of low flow lead to 

degradation of water quality which has a direct impact on human health and aquatic ecosystems 

(Kundzewicz et al., 2007). Climate change has been extremely critical in parts of northeast Asia due to 

its direct link to water resources and agriculture (Cruz et al., 2007). Recent events involving the failure 

of water facilities and unprecedented degradation in water quality due to extreme rainfall events have 

showcased that climate change poses a very real and major threat to the quality and quantity of water 

resources on the planet. One of the major indirect impacts of climate change on the quality of water is 

its influence on the surface processes that regulate the production and transport of contaminants to 

ground and surface water bodies (Murdoch et al., 2000). 

    Heavy rainfall events often result in contamination of freshwater bodies with waterborne pathogens 

through animal and human waste being discharged into the stream with excess runoff. This along with 

elevated temperatures leads to a higher probability of pathogen survival within the environment. Floods 

caused due to these extreme weather events also lead to the contamination of groundwater sources. In 

the last century about half of the waterborne disease outbreaks within the US have followed an extreme 

rainfall event (Curriero et al., 2001). An increase in UV radiation with the depletion of ozone layer 

triggered by climate change would result in the breakdown of natural organic matter into simpler 

bioavailable compounds and nutrients that could promote bacterial activity in aquatic ecosystems (Soh 

et al., 2008). Pathogen concentration in water is influenced heavily by weather and disease outbreaks 

are directly associated with high levels of waterborne pathogens (Freeman et al., 2009). All these factors 

combined showcase that in the coming future exposure to waterborne pathogens would undergo a 

substantial change due to climate change and hence there is increased pressure on water producers and 

public health agencies to develop better infrastructure to deal with these changes. 

2.2 Quantitative microbial risk assessment 

Monitoring of fecal bacteria in the finished water is inadequate in order to provide safe drinking water, 

as seen from various outbreaks across the globe mentioned in the first section. The frequency of 

sampling is usually very low and the extremely small samples are taken which can only provide 

information regarding the sub-optimal performance of the system within a short time frame. During this, 

the integrity of the whole system can be compromised and could result in major outbreaks (Medema et 

al., 2006).  Hence the implementation of Water Safety Plans (WSP) was recommended by WHO which 

involved a comprehensive risk assessment from catchment to tap (WHO, 2009). Quantitative Microbial 

Risk Assessment (QMRA) acts as a valuable tool to support the WSP and its role was studied in the EU-

MicroRisk project (2003-2006) through 10 different cases studies involving drinking water systems 
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across Europe and Australia (Petterson and Ashbolt, 2016). Although there are several advantages to 

the tool, its use has been limited owing to the data limitations and the associated uncertainty created for 

the decision-making process.  

    The question “Is my system able to produce and deliver drinking water that meets the health targets?” 

can now be answered by risk assessment which deals with the quantitative information regarding the 

exposure of consumers to pathogens present in drinking water. This is achieved by gathering information 

and estimating the exposure based on the presence of these pathogens, the process involved in their 

removal, and further protection of the drinking water distribution network (Medema et al., 2006).  

Quantitative microbial risk assessment (QMRA) provides an objective and scientific basis for risk 

management decisions. The QMRA tools can help water utilities assess if they meet their drinking water 

quality targets with the existing treatment train, storage facilities, and distribution systems or if there is 

a need for improvements in the system. Not only this but the QMRA tool can provide information that 

can be used to set critical limits in the water safety plans to ensure a desired level of performance 

(Medema et al., 2006). The QMRA tool is widely used to provide a detailed breakdown of the 

contribution to the overall risk of each segment of the chain starting from the catchment to the tap of the 

consumer. Along with this it also showcases the potential effect of any hazardous event such as heavy 

rainfall, leaks, or spills which may affect the water quality. All this information can then be used by the 

water treatment organisations to decide if there is a need for optimization or additional control steps to 

reach the target water quality.  

Drinking water quantitative microbial risk assessment (QMRA) has four stages: 

1.) Hazard Identification 

This deals with creating a description of the microorganism and the possible disease that it can cause 

followed by symptoms to detect the disease along with the severity and death rates from the microbes. 

The next step includes the identification of sensitive population that would be more prone to this 

infection. 

2.) Dose-Response 

The next step is to study the relationship between the number of microbes and its resulting health 

impacts. Multiple human and animal studies are performed to construct mathematical models which 

allow the prediction of the dose-response. 

3.) Exposure Assessment 

This step begins with the assessment of the pathways through which the microbe can reach the human 

body and lead to an infection (through air, through drinking water, through physical contact, etc.). This 

is followed by the determination of the extent and duration of exposure through each of these pathways 

and further estimation of the number of people exposed within different categories. 

4.) Risk Characterization 

The final step deals with the integration of the first three steps into a mathematical model which 

calculates the risk by obtaining the probability of infection, illness or death. This step is a bit complex 
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as the first three steps do not generate a single value, but a range of values for the hazard, dose and 

exposure. This creates a need to evaluate risk for all values across the range for these variables. A full 

set of possible risk including best, mean and worst case scenarios is generated which is then looked at 

by decision makers to better create policies and by health officials to understand if there is a need for a 

more extensive research to evaluate the risk. 

    The QMRA tool provides a better assessment in terms of water safety relative to the absence of fecal 

bacteria. It also creates a good balance between investment and public safety by setting up a health-

based risk target. The tool also enables the staff to understand the risk involved at different stages starting 

from the source followed by the treatment train and lastly the distribution system. It also provides the 

estimation of increased risk during extreme weather events (Petterson and Ashbolt, 2016). Although the 

QMRA tool has a lot of advantages it is also accompanied by several challenges such as the need for an 

efficient monitoring system in order to obtain reliable results. The QMRA tool alone isn’t sufficient to 

reach the water safety goals and hence there is a need for institutional support involving training the 

people involved to enable them to better understand the tool and constant development to deal with the 

changing scenario across the globe. There is also a need to balance the uncertainty in the science behind 

the QMRA tool by establishing a proper policy to better interpret these uncertainties (Petterson and 

Ashbolt, 2016).  

    Knowing the system is a key element in order to have an effective quantitative microbial assessment. 

Several outbreaks have occurred due to the lack of understanding as to how different steps impact the 

microbial quality of drinking water (Petterson and Ashbolt, 2016). The following questions need to be 

answered in order to provide an optimal risk assessment (Petterson and Ashbolt, 2016):  

1. Sources of contamination, their extent, and how they vary from each other 

2. Which pathogens are the most relevant for the system 

3. What is the relative importance of different pathogen sources based on the type of event 

4. Effectiveness of the existing treatment barriers for each pathogen 

5. How vulnerable is the drinking water treatment process 

6. What are the vulnerabilities of the drinking water distribution network 

7. What are the implications to the consumer due to these vulnerabilities 

2.3 Swedish QMRA tool 

Drinking water needs to be healthy and clean according to the guidelines set by the Swedish National 

Food Administration. To ensure that this goal is achieved microbial risk assessments are performed. Just 

analysing the microbial quality of the outgoing drinking water isn’t sufficient and a complete catchment 

to tap risk assessment needs to be done. Two methods of microbial risk assessment are used by the 

Swedish waterworks currently: Microbial Barrier Analysis (MBA) and Quantitative Microbial Risk 

Assessment (QMRA). In MBA the primary set point is that the barrier height needs to be achieved 

whereas in QMRA the actual risk to the consumer is obtained which is further used to identify if the 
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barriers being used are sufficient. Hence MBA alone cannot provide significant results regarding the 

likelihood of a disease spread or infection (Pott et al., n.d.). 

    The first Swedish QMRA tool was released in 2009 and since then several changes have been made 

to the tool to enhance it but it still hasn’t gained any major use in the industry. In order to fix this 

situation, a research group centre DRICKS (Framework Program for Drinking Water Research) at 

Chalmers University of Technology has taken over the development of the tool and since then the tool 

has been translated into Swedish to enhance its usability. Along with this a Swedish QMRA Wiki 

(https://wiki.qmra.se)  and educational material has also been developed for easier understanding of the 

tool to promote more water producers in Sweden to make use of the tool to analyse microbial health risk 

in the production of drinking water (Pott et al., n.d.). The QMRA tool for surface waterworks version 

2021-03-22 will be used in this study and is available for free on the DRICKS' website. The tool can be 

accessed in two ways: the online version (Analytica Cloud Player platform) is available through a web 

link and can be used on any computer. The offline version can be downloaded through the Lumina 

website and provides both free and paid versions. 

2.4 Future Scenarios  

The quality of water can be drastically affected as a result of changes in the hydrological systems due 

to socioeconomic factors and hence there is a need to explore the consequences of anthropogenic 

activities and socioeconomic factors. To plan for the future, researchers have been trying to develop 

models that showcase the different scenarios that would take place based on greenhouse emissions and 

other radiative forcings. They have established four pathways, with a wide range of forcing in 2100 (2.6, 

4.5, 6.0, and 8.5 watts per square meter) and these are known as the Representative Concentration 

Pathways (RCP) (Hausfather, 2021). Alongside a different set of researchers have focused on modelling 

socio-economic factors and their change in this century. This included different variables such as 

population, economic growth, education, urbanisation, and the rate of technological development. This 

led to the creation of five different scenarios known as the Shared Socioeconomic Pathways (SSP) 

(Hausfather, 2021). The five different SSP scenarios are set up in the following way: sustainability-

focused growth and equality (SSP1); a “middle of the road” world where trends broadly follow their 

historical patterns (SSP2); a fragmented world of “resurgent nationalism” (SSP3); a world of ever-

increasing inequality (SSP4); and a world of rapid and unconstrained growth in economic output and 

energy use (SSP5) (Hausfather, 2021). The SSPs combined with the RCPs suggest that community 

scenarios could be built around the following key factors: the magnitude and extent of climate change 

and the trends in human development in relation to the drivers of climate change, the capacity to mitigate 

greenhouse gas emissions, and the vulnerability and capacity to adapt to climate change (Van Vuuren 

et al., 2014). The current Swedish QMRA tool does not take into consideration the socioeconomic 

factors while assessing the future risks to the water quality. The addition of these community scenarios 

in the existing tool would ensure reliable results based on more realistic scenarios and provide us with 

https://wiki.qmra.se/doku.php
https://www.chalmers.se/sv/centrum/dricks/qmra/Sidor/default.aspx
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a good roadmap of the path that we need to follow in ensure accessibility to clean drinking water in the 

coming future. 

3. Methodology 

3.1 Systematic literature review approach 

In this project, the primary step was to perform a systematic literature review. A systematic literature 

review provides scientific evidence which can be used to answer a specific research question and makes 

the whole process transparent and reproducible. It also follows explicit and systematic methods that 

reduce the risk for bias in the selection and inclusion of studies (Lamé, 2019). The standard procedure 

for conducting a systematic review consisting of six steps was used in this project (see below Figure 1): 

1) Formulation of the research objectives: to develop a risk assessment approach for drinking 

water that takes into consideration the effect of climate change.  

2) Definition of the inclusion and exclusion criteria.  

3) Finding the studies through various databases by creating a search strategy. 

4) Assessing the studies according to the inclusion criteria. Two screening stages: first based on 

titles and abstracts, and second - based on full texts. The reasons for exclusion of studies are 

documented.  

5) Extraction of the data and synthesis.  

6) Quantitative analysis: assessment of the strength of evidence and addressing the research 

objectives (Lamé, 2019) 

 

3.2 Databases  

ScienceDirect and Scopus are the two databases that have been used in this project to obtain relevant 

literature for the systematic review. ScienceDirect provides the user with bibliographic database of both 

scientific and medical publications from the publisher Elsevier. Currently it provides over 18 million 

Figure 1. Flow diagram of the systematic literature review process (Lamé, 2019) 
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pieces of content from over 4,000 academic journals and around 30,000 e-books. The metadata is free 

to read although access to the full text requires a subscription which for this project was provided 

through Uppsala University. The journals available through ScienceDirect are broadly categorized into 

four main sections which are Physical Science and Engineering, Life Science, Social Science and 

Humanity, and Health Science. Scopus is the abstract and citation database for Elsevier and provides 

around 84 million pieces of content from over 25,800 peer reviewed journals and around 249,000 books. 

All available literature on Scopus is reviewed every year to maintain high quality and is based on four 

different numerical quantities: CiteScore, h-Index, SJR (SCImago Journal Rank) and SNIP (Source 

Normalized Impact per Paper). All the relevant literature from these searches was either available 

through an open-source license or accessed via the institutional login through Uppsala University.  

3.3 Search strategy 

The literature search began with establishing the keywords relevant to the objectives of the project. The 

following search terms were used for the preliminary literature search: Climate Change, Drinking, 

Microbial Quality, QMRA, and Water. The primary search using the search string “climate change 

qmra” on Scopus returned 24 results. A similar search was conducted through ScienceDirect and the 

primary search returned 242 results. The secondary search using the search string “Quantitative 

microbial risk assessment and climate change” resulted in 46 results through Scopus and 7,155 results 

through ScienceDirect. The results were then narrowed down to 12 on Scopus and 2,241 on Science 

direct by adding “drinking water” to the search string. A tertiary search was performed to further refine 

the results from the primary search by using the search string “qmra drinking water climate change” 

resulting in 7 articles through Scopus and 173 through ScienceDirect. A quick overview of the titles and 

abstracts was done and the relevant articles were selected from both databases. A total of 596 articles 

were looked at during the preliminary screening of titles and abstracts from which 23 articles were 

selected after removing the duplicates. These 23 articles then went on through the main screening 

process. 

3.4 Screening: inclusion and exclusion criteria 

Once all the literature was obtained the next step was to perform a preliminary screening process to 

remove the duplicate records as the keywords used during the literature search were quite similar. After 

the duplicates were removed the main screening process was performed which contained two sections. 

The first section began with the selection of literature based on reading of the title and abstract. This 

was followed by the second step wherein the selection was done based on a complete reading of the 

articles. Different inclusion and exclusion criteria were set in order to have a streamlined screening 

process (see Table 1).   
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Table 1. Exclusion and inclusion criteria for systematic literature review 

Exclusion Criteria  Reasoning 

  

Date of Publication Studies before the year 1990 were excluded from the project 

Language of Study The studies which were not published in the English language were 

excluded from the literature review as the language for this project is 

English and only studies published in English or officially translated to 

English from the source were considered 

Peer Review Peer review allows for a higher level of assurance in terms of the literature 

meeting the academic standards and requirements for the validity of the 

hypothesis. Articles not from peer-reviewed journals were excluded from 

this project 

 

Inclusion Criteria Reasoning 

  

Methodology Studies with a detailed and well written method section explaining each 

step in depth were selected 

Scope of the study Studies focussing on drinking water were selected for this project 

Results The reported outcome of the study was obtained through a detailed 

reading of the literature and studies that met the specific outcome relevant 

to the objectives of this study were selected for this project. 

Climate change Studies accounting for the effects of climate change into the QMRA 

framework were selected 

Sources Studies with genuine and reputable peer-reviewed sources being cited 

were included in this study 

 

3.5 Comparative study 

The project focuses on reviewing the existing QMRA tools and frameworks from across the globe to 

understand the working principle behind them. There is indeed a possibility that none of the existing 

tools or framework are superior to the Swedish QMRA tool. Hence the next goal was to identify a 

combination of approaches that if brought together could meet the criteria set in this project. This is 

followed by studying in detail the structure and functioning of these QMRA tools and frameworks to 

understand the factors involved in the risk assessment and the scale to which the approach can categorize 

different types of risk. A comparative study between the Swedish QMRA tool and the other approaches 



11 
 

obtained from the literature is performed to understand the key differences. The criteria in Table 2 were 

used to perform a comparative study. 

This step is followed by assessing the possibility to bridge the gap between the tools by establishing 

ways to incorporate the missing factors into the Swedish QMRA tool. 

 

Table 2. Criteria for comparative study 

Criteria Reasoning 

    

User Friendly Is the tool easy to use for all users? 

Flexibility 
Does the tool allow the user to modify on the basis of the 

problem? 

Accessibility 
Is the tool easy to access either online through a web tool or by 

downloading offline? 

Number of barriers 
Does the tool provide sufficient barriers used for drinking water 

treatment? 

Extent of characterization of 

raw water 

Does the tool contain sufficient input possibilities for different 

types of water source and pathogens? 

Risk characterization 
Does the tool provide sufficient types of risk characteristics on 

multiple time scales along with relevant plots? 

Language of the tool 
Is the tool available in multiple languages or just in the regional 

language of where the tool has been developed? 

Open access 
Is the tool available for free to access or does the user need a 

subscription to use the tool? 

Explanation of Functioning 
Does the tool come with an explanation of the functioning of the 

processes? 

Inclusion of Climate change 
Does the framework take into consideration the effects of climate 

change? 
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4. Results  

4.1 Climate change effects on waterborne microbial risks 

From the extensive literature review and further screening of the results based on the inclusion and 

exclusion factors, a total of 596 citations were identified and screened for relevance, of which 33 were 

procured and characterized, and 23 were confirmed as relevant. The characteristics of the relevant 

articles and a citation list of these articles is available in the appendix A. Most relevant articles 

sufficiently reported their sampling methods and procedures, but nearly 85% reported at least some of 

their quantitative outcomes in a format insufficient for extraction and potential use in meta-analysis. For 

the purpose of the qualitative synthesis, the 23 papers were categorised according to the climate change 

effect (see below Figure 2), pathogens, and time horizons/scenarios studied.  

 

Figure 2. Studies examining the link between microbial quality and climate change variables 

    The majority of the studies focussed on the following three microorganisms: E. coli, 

Cryptosporidium, and Campylobacter. Although these pathogens were involved in some combination 

throughout all the twenty three studies, a wide variety of other microorganisms, such as Giardia, 

norovirus, enterovirus, Sulfite-reducing clostridia and intestinal enterococci, Salmonella enterica, L. 

pneumophila, HAdV, rotavirus, NoV GII, hepatitis A virus, adenovirus, somatic coliphages, Listeria, 

Staphylococci, Shigella, V. cholerae, Clostridium, Vibrio, F+ coliphages, Pepper mild mottle virus and 

Astroviruses, were also looked at in these studies.  

   In depth reading of the literature indicated varying effects of climate change variables on the microbial 

quality of water. For instance in the case of the net effect of all climate variables combined, the study 

by Sterk et al. (2016b) states that effect on pathogen concentrations in surface waters and the consequent 

infection risks would be limited. Although the study by Smith et al. (2015) focused on the same 
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pathogens and a similar timeframe, it resulted in a risk model that showcased that the risks from Giardia 

were effectively maintained at baseline levels for the 2050s timeframe with increased treatment and 

boiled water compliance. However, these mitigating effects failed to compensate for the increased levels 

of Giardia for the 2080s timeframe (Smith et al., 2015). For the case of Cryptosporidium, the risk 

exceeded the baseline level for both the 2050s and 2080s timeframes, even with increased treatment 

compliance (Smith et al., 2015). 

    Temperature had quite a diverse impact on the pathogen concentration in water with both positive 

and negative correlation being observed with the overall concentration based on the type of 

microorganism (see below table 3). On the other hand the effect of precipitation is relatively streamlined 

with an overall positive correlation with majority of the microorganisms. Hofstra (2011) in her study 

stated that with an increase in water temperature there was an increase in the inactivation of viruses, 

bacteria and parasites. The study mentioned that based on the growth curve, bacteria may initially grow 

faster in water with higher temperatures. The study further brought up that an increase in pathogen levels 

was observed with an increase in precipitation and extreme precipitation events. Hofstra (2011) also 

stated that a decrease in precipitation and an increased incidence of drought would result in the fraction 

of the more constant emission of wastewater in the total discharge to rise significantly, which would 

further lead to an increase in the concentration of waterborne pathogens. Young et al. (2015) in their 

study identified that rainfall accumulation alone was not a reliable indicator of the concentration of 

Cryptosporidium oocysts or Giardia cysts in fresh water sources. The study also established that even 

though Cryptosporidium oocysts or Giardia cysts could survive and maintain their infectivity in low 

temperature conditions, they were highly susceptible to increasing temperatures (Young et al., 2015). A 

weak negative correlation was found between the water temperature and the density of Giardia, but the 

study failed to identify any such relation for Cryptosporidium (Young et al., 2015). Another study with 

a focus on the effect of temperature on the pathogens by Sterk et al. (2013) found that with an increase 

in temperature the infection risks from exposure to Campylobacter will decrease due to increased 

inactivation, whereas the risk of infection will increase for pathogens like norovirus due to decreased 

dilution caused by the lower river discharge as a result of summer droughts. 

 

Table 3. Effect of climate variables on pathogen concentration 

Changes in: Salmonella E. coli 

O157 

Campyloba

cter 

Cryptospo

ridium 

Giardia Norovirus 

Temperature Increase Increase/

decrease 

Susceptible Susceptible Decrease Decrease 

Precipitation Increase Increase Increase Increase  Increase Increase 

Drought No change Increase Decrease Increase Susceptible Increase 
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    The outcome of the second study by Sterk et al. (2016a) found that a decrease in flow rate resulted in 

a decrease in infection risk for Campylobacter, but there was an inverse correlation with 

Cryptosporidium for which the risk of infection increased considerably. The study also found that this 

change in flow rate did not have a significant impact on the risk of infection due to the norovirus. The 

study by Hales et al. (2014) concluded that higher temperatures would have a significant impact on the 

transmission of diarrhoeal disease in the future and would result in an overall increase in burden to 

public health. The study with low pollution scenario by Derx et al. (2016) found that there is no need 

for further virus reduction in the floodplain river water although for the high pollution scenario, a 0.7 to 

1.5 log reduction would be required during wet years due to increased precipitation and runoff. Demeter 

et al. (2021) in their study found that changes in climate and demographics had little impact on the 

microbial quality of the river water, and around 98% of the pathogen load came from the WWTP. A 

strong correlation with climate change effects was seen in the scenario with an enhanced WWTP 

wherein CSOs acted as the major pollution source (Demeter et al., 2021). The study by Guo et al. (2020), 

focusing on different types of water sources, provided evidence of the effectiveness of improved water 

sources. The study identified unprotected dug wells as the least climate-resilient source of water because 

of the high sensitivity to climate drivers and higher baseline contamination (Guo et al., 2020). An 

increase of 2 °C temperature would lead to an over 100% increase in E. coli count for unprotected dug 

wells in rural areas has been showcased as an example in the study (Guo et al., 2020). 

    In the study by de Man et al. (2014), the water samples were taken from areas where the buildings 

were flooded, infiltration fields for groundwater recharge were full or at least 100 m2 of the street was 

flooded. Sterk et al. (2016b) used the WALRUS tool in their study which only includes the saturation 

excess runoff. This was chosen as the study was conducted in the Netherlands where the runoff is mostly 

dominated by the saturation excess. In the review by Nijhawan and Howard (2021), there was an over-

representation of certain geographical areas in the included studies due to the inclusion criteria which 

led to results being skewed. Studies by Jeon et al. (2019); Demeter et al., (2021); Hofstra, (2011); Sterk 

et al., (2016b); Derx et al., (2016); Islam et al., (2018); Schijven et al., (2013) focussed predominantly 

on rivers as the source of water, whereas studies by Smith et al., (2015); Kozak et al., (2020); Ahmed et 

al., (2019); Mohammed and Seidu, (2019) emphasized on lakes as the primary source of water. Rest of 

the studies showcased a combination of lakes and rivers along with studies by Nijhawan and Howard, 

(2021); Guo et al., (2020); Kistemann et al., (2001); Leveque et al., (2020); Young et al., (2015) 

focussing on groundwater as the source of water. Studies by de Man et al., (2014); Demeter et al., (2021); 

Sterk et al., (2016a); Islam et al., (2021) studied the pathogen concentration in combined sewer 

overflows (CSOs). Sterk et al. (2016a) assumed that the model concentrations are based on a complete 

mixing within the CSOs, whereas in reality that is not the case, and the concentrations are highly 

variable. The contamination sources for the water bodies in these studies have been listed in table 1 in 

appendix A. 
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    Of the 23 studies, 14 focus on the drinking water quality in the future, while the rest focus on the 

current or past timeframe (see below Table 4). Majority of the studies emphasize the time frame between 

2050 and 2100 and were usually accompanied by multiple RCP and SSP scenarios.  

 

Table 4. Time horizon/scenarios showcased in different studies obtained through the literature survey 

Study Time Horizon / Scenarios   

de Man et al. (2014) 5-10 year return floods 

Sterk et al. (2016) Climate in 2050 and 2085 with a conservative and extreme 

scenario for both  

Nijhawan and Howard (2021) RCP 2.6, 4.5, 6.0 and 8.5 

Jeon et al. (2019) 40 climate change scenarios (2076–2100) from four representative 

concentration pathways (RCPs 2.6/4.5/6.0/8.5) of the global 

climate model (GCM), Five Regional Climate Models (RCMs) 

(i.e., HadGEM3-RA, RegCM4, MM5,WRF, and GRIMs), and 

two bias correction methods 

Mohammed and Seidu (2019) 2045 and 2070               

RCP 8.5 

Demeter et al. (2021) 2035-2049                        

Scenario with no change in greenhouse gas emission practices 

(A2), a scenario with a moderate decline in emissions after 2050 

(A1B), and a scenario indicating considerably reduced emissions 

from the present onwards (B1) 

Smith et al. (2015) 2041–2070 and 2071–2100 

Leveque et al. (2020) 2050 horizon 

Sterk et al. (2016) 2050 and 2085              

most conservative (GL) and most extreme (WH) 

climate scenarios 

Sterk et al. (2013) up to 2050 

Derx et al. (2016) High & Low pollution scenario 

Islam et al. (2018) 2031–2050 (2040s) and 2081–2100 (2090s)  

sustainability (S1) and uncontrolled (S2) 

Schijven et al. (2013) Five pathogen-pathway combinations, temperature changes of  –2 

◦C, 0 ◦C, and +2 ◦C, change in annual precipitation of –50%, 0%, 

and +50%, and, finally, no change in heavy rainfall frequency and 

three higher heavy rainfall frequency. Default values for the 

climate conditions were minimum air and water temperature 2 ◦C; 

maximum air temperature 27 ◦C; maximum water temperature 21 

◦C; annual precipitation 750 mm; average daily heavy rainfall 

precipitation 5 mm; number of heavy rainfall days per quarter of 

the year under current conditions 3, 1, 1, and 3 times for the 

subsequent quarters of the year. 

Hales et al. (2014) 2030 & 2050 with and without climate change factors.                     

Mortality in children under the age of 15 
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4.2 Integration of climate change effects into QMRA 

The studies covered in this review have taken different approaches to integrate the effects of climate 

change into their assessments. Although 10 out of the 23 studies did not perform a QMRA of their own, 

they focussed on a specific model or framework. The study by Ahmed et al. (2019) did not include a 

QMRA of their own but was able to summarize the work of multiple different QMRA models from 

across the globe. Guo et al. (2020) in their study used a model but not predominantly focussing on 

QMRA and instead working on the correlation between drinking water quality and short-term climate 

variability. Delpla et al. (2009) in their study did not perform a QMRA and instead focussed on 

establishing a QMRA framework. The study by Kistemann et al. (2001) focussed on the implementation 

of a GIS model into the framework of supply structure for drinking water and failed to perform a QMRA. 

Hofstra (2011) in her study developed a conceptual model for QMRA but did not include a working 

assessment for the created model. Islam et al. (2021) followed a similar path as Ahmed et al. (2019) and 

performed an extensive review of different QMRA frameworks and models for a wide variety of 

pathogens from across the globe. Studies by de Man et al. (2014); Sterk et al. (2016); Mohammed and 

Seidu (2019); Kozak et al. (2020); Sterk et al. (2016a); Sterk et al. (2016b); Islam et al. (2018); Hales et 

al. (2014) primarily focussed on establishing a QMRA framework and also went on to perform their 

own risk assessments. Different approaches to the framework could be seen in these studies based on 

the time horizon, microorganisms involved, and hydrological models used.  

    Mohammed and Seidu (2019) in their study developed a framework consisting of 5 modelling 

processes for different historical and climate scenarios. The first process was to create a model to 

establish the relationship between precipitation and water quality. The second process was to model the 

E. coli levels in the water source based on turbidity and color. The third process was to estimate the 

concentration of the pathogen based on historical and projected future E. coli values. The fourth process 

was to model the pathogens against the barrier efficacy of the treatment plants. The fifth process was to 

model the infection risks for the pathogens including sensitivity analysis for the QMRA input. This step 

was further followed by the calculation of infection risks in cases of failure in each of the treatment 

steps.  

4.2.1 CC-QMRA 

Schijven et al. (2013) in their study introduced a new tool developed by them called CC-QMRA. The 

tool was programmed in version 8 of the Mathematica software and is freely available for users to access. 

The tool runs on a computable document format through the use of a Wolfram CDF player. The tool has 

been developed to integrate the effects of climate change on drinking water. The tool provides 12 

different pathogen pathways which can be constructed from the 16 built-in modules. QMRA for a variety 

of location-specific conditions and climate change effects can be performed in the tool. The tool also 

provides default data based on literature in situations when the user is unable to produce data for all the 

variables such as climate conditions, microbial data, wastewater treatment, and dimensions of a river. 
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The tool generates Monte Carlo samples from distributions for each day in a year and all the calculations 

are conducted for the whole year. The tool enables the user to model climate conditions such as air 

temperature, water temperature, and precipitation. The tool also incorporates setting the values for the 

coldest and warmest day in the year. Also, the value of minimum and maximum average daily air and 

water temperature can also be set. In order to mimic seasonal changes, the temperature is set to increase 

linearly from day to day from the minimum to the maximum set temperature. A wide range of –6 ◦C to 

+6 ◦C is available in the tool for the change in temperature between the current and future conditions 

which is far beyond the conditions mentioned in the IPCC report. This enables the user to model more 

extreme location specific climate change effects. Apart from temperature, the tool also enables the user 

to set annual precipitation as well as heavy rainfall days per quarter of the year for both current and 

future scenarios. 

4.2.2 QMRAcatch 

Schijven et al. (2015) in their study introduced another tool called QMRAcatch, which combines the 

input of pathogens, indicators, MST markers from contamination sources, transport and fate of 

microorganism, treatment of water for the production of drinking water, and QMRA. The tool has been 

developed on the same platform as CC-QMRA, but on the version 9.0.1 of the Mathematica software. 

This tool is also freely available and can be accessed in a Computable Document Format through the 

use of the Wolfram CDF player. The tool provides a user-friendly interface and provides the ability to 

enter specific values for climate variables. In situations when the user is unable to produce all the input 

data the tool allows the user to select low, medium, or high default values based on existing literature. 

The tool makes use of spreadsheets to save and load parameter settings along with location specific 

hydrological and microbiological data. This saved data is then further used to calibrate the model for a 

specific location. 

4.2.3 HC-QMRA     

A risk modelling framework – Health Canada QMRA model (HC-QMRA) – has been developed by 

Smith et al. (2015) in their study with a focus on the following three components: 1) identify and 

establish climate variables and water safety model relationships, 2) capture, store, and apply data across 

different risk models, 3) integrate data and relationships in a mathematical model to visually simulate 

the effects of climate change on water safety. The model has been developed using the Analytica 

software which allows for mathematical computation of the influence of climate change variables on 

water safety through Monte Carlo simulations. The tool has been designed to provide support in the 

development of drinking water guidelines for enteric viruses and protozoa. The models have been 

developed to visually represent the exposure assessment, hazard characterization and risk 

characterization of QMRA. The model consists of time periods spanning over 30 years resulting in the 

time period of 2041-2070 and 2071-2100. The model also takes into consideration the drinking water 

treatment and management practices set up in Canada. The model accounts for the impact of climate 

change variables such as air temperature, water temperature, humidity, and precipitation on the quality 
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of water. The model is able to integrate the effects of climate change and water treatment but fails to 

accommodate the influence of socioeconomic factors.    

4.2.4 Swedish QMRA     

The Swedish QMRA tool unlike CC-QMRA and QMRAcatch is accessible through the Analytica Cloud 

Player. The Swedish tool is very user friendly and flexible and incorporates a wide range of treatment 

trains. The tool provides the ability to model eight pathogens: Salmonella, Campylobacter, Escherichia 

coli O157, Cryptosporidium, Giardia, Rotavirus, Norovirus and Adenovirus. The Swedish QMRA tool 

fails to integrate the effect of climate change and socioeconomic development on drinking water. Even 

though the tool allows for a variety of treatment trains to be modelled, it fails to account for the 

interdependency between these treatment steps. The tool does not factor in the effect of failure in one of 

the treatment steps on the rest of the treatment train. The tool can thus be improved by incorporating the 

effects of climate change, socio-economic development, and treatment interdependencies based on the 

learnings from CC-QMRA, QMRAcatch and HC-QMRA tool. 

5. Discussion  

Through the systematic literature review, a broad range of results have been obtained, which although 

not similar, point in the same direction on the climate change effects. The overall consensus being that 

there is a negative impact on the quality of water due to the change in climate variables. Based on the 

IPCC report (Pörtner et al., 2022), it has been established that there will be an increase in global 

temperature and extreme weather events. Along with this, the change in precipitation will be staggered 

across the globe with some locations experiencing an increase in precipitation while the others a 

decrease in overall precipitation. The precipitation would either increase or decrease in different 

locations, triggering floods and droughts respectively. A varied response to climate change effects for 

different microorganism has been observed in the studies. Bacterial growth may increase with increase 

in temperature at first, but eventually lead to inactivation, due to elevated temperatures, similar to viruses 

and parasites. A decrease in precipitation usually leads to decrease in flow rate of water streams. It has 

been observed that although this change has almost no effect on the risk of infection of viruses but there 

is an increase in the risk of infection due to cryptosporidium and a decrease in the risk of infection due 

to campylobacter (Sterk et al., 2016a). The effect of climate change on diarrhoeal disease transmission 

is expected to increase in the future. This is due to a positive correlation between increasing temperature 

and the transmission of diarrhoea causing microorganisms (Hales et al. 2014). Sufficient evidence has 

been found to support that an increase in pathogen concentration is observed immediately after an 

extreme weather event like heavy precipitation or floods. 
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5.1 Proposed improvements to the Swedish QMRA tool 

In order to improve the Swedish QMRA tool, there is a need to incorporate climate change effects into 

the framework. This can be done by simulating future trends for pathogen concentration through the use 

of a fate and transport model and using the simulated source water quality as an input for the tool (Islam 

et al., 2018). Another approach would be to make changes to the existing QMRA framework to estimate 

the risk of infection due to the effects of climate change. This can be done by making modifications in 

the tool to allow for modeling the baseline and future scenarios based on current and projected climate 

conditions.  

    The Swedish QMRA tool currently consists of the following modules: a) Raw water characterization, 

b) Conventional purification, c) Additional barriers, d) Advanced purification, e) Inactivation barriers, 

f) Exposure, and g) Risk Characterization. The tool is designed for 8 reference pathogens but fails to 

account for the growth/die-off of these pathogens in the water source due to the change in temperature. 

There is a need for a fate and transport module for each of the 8 reference pathogens. Along with this, 

an extra module for extreme weather events is required. The other point of failure in the existing tool is 

the inability to account for the interdependency between treatment steps and a module to account for 

that would be beneficial. 

5.1.1 Modelling current and future source water quality using external tools 

Mohammed and Seidu (2019) developed a QMRA framework consisting of five steps, which meets 

almost all the aspects stated in the comparative study list (Table 2) and is the framework that is 

recommended for implementation. The approach by Mohammed and Seidu (2019) is dictated by the 

fact that the concentrations of both fecal indicators and pathogens at the raw water intakes (in lakes) in 

Norway are most often below the detection limit. Therefore, the authors propose the use of turbidity and 

color measurements to derive the concentrations of E. coli and then the pathogen concentrations. The 

approach proposed by Mohammed and Seidu (2019) is presented in Figure 3 applied to Swedish 

conditions. The water quality data for raw water can be obtained through daily/weekly testing of 

turbidity, color and microbial concentrations. Along with this, the hourly precipitation measurements in 

the catchment of the water source needs to be obtained from the closest weather station. After this the 

seasonal mean values of projected precipitation for future time period (2030, 2045, 2075, 2100, etc.) 

can be obtained through SMHI. The next step is to perform a traditional regression analysis to establish 

the relationship between precipitation and level of turbidity and color. Linear, exponential, polynomial 

and logarithmic functions can be performed in the regression analysis to find the best model fit which 

is done based on the coefficient of determination and p values less than 0.05. In the first scenario for 

future projection, the regression model is used to predict the change in turbidity and color value on the 

basis of change in precipitation. These change ratios can be further used to predict E. coli values in raw 

water for the future time periods. In the second scenario, the values of precipitation in the historical data 
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which were greater than or equal to 3 times the standard deviation of the data were increased by 50% 

and 100%. This data is used to run models to assess the effect of extreme precipitation events.  

 

Figure 3. Framework of modelling steps. (EP- Extreme Precipitation) (Mohammed and Seidu, 2019) 

    The E. coli values can be predicted from the measured turbidity and color through the use of Random 

Forest (RF) machine learning models. The RF model is trained and tested on the daily/weekly 

measurements of turbidity and color. The RF model uses 70% of the data for the training set and the 

remaining 30% for the test period to assess the reliability of the model. This is followed by running the 

model for pathogen removal in the treatment process and the model for exposure to pathogens and 

infection risk to estimate the potential future infection risks that are attributed to the change in climate. 

The last step was to perform a sensitivity analysis to determine how the inputs to the QMRA tool 

influence the projected infection risk. This is done by varying the pathogen concentration, water 

consumption, and dose-response parameters from minimum to maximum and the calculated infection 

risk is assessed. 

    The current and future source water quality can also be defined by means of process-based models. 

A combination of a hydrodynamic model (MIKE 21 FM) and water quality module (ECOLab) can be 

used to simulate the pathogen concentration in the water source. To begin, the model can be calibrated 

using the observed water level and discharge data and further validated using temperature, salinity and 

water level data. Water temperature, salinity, E. coli and enterococci concentration can then be simulated 

using the ECOLab module. The fate and transport of the fecal indicator bacteria is calculated through 

the ECOLab module by using the output from the hydrodynamic module. A combination of both these 

can be then used further to investigate the impact of climate change on the concentration of fecal 

indicator bacteria. This model works well for both point and diffuse sources like untreated wastewater 

through sewers and urban runoff respectively. The model can then be used for two extreme SSP 
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scenarios ranging from the green road (SSP1) to the rocky road (SSP3) in order to cover the entire 

breadth of future scenarios.  

5.1.2 Modifications of the Swedish QMRA tool 

From the data extracted through the literature review, a combination of frameworks can be used together 

to modify the existing QMRA tool. The following can be done through two stages: 1) addition of new 

modules in the existing train of modules, 2) running scenarios based on climate change and 

socioeconomic factors through these updated modules. One of the three additional modules i.e. the 

extreme event module can be developed using the approach proposed by Mohammed and Seidu (2019). 

Along with this a Runoff module to account for socioeconomic factors like population growth, 

urbanization, land use, agricultural production, sanitation, and economic development can be added. 

Furthermore, a growth/die-off module to account for the change in pathogen characteristics based on 

the change in temperature can be added. These three modules can be combined with the pre-existing 

raw water characterization module in the QMRA tool.  

    A climate change module similar to the one developed by Schijven et al. (2013) can be set up with 

scenarios pertaining to Swedish conditions. Within this module the user would be able to input values 

for both current and future climate variables. In the current climate scenario, the following variables can 

be set by the user: air and water temperature, annual precipitation, average precipitation on heavy rainfall 

days, number of heavy rainfall days per quarter. For the future climate scenario, change in temperature 

can be set within a range of –6 ◦C to +6 ◦C which exceed the prediction based on IPCC reports. In terms 

of precipitation, the change in annual precipitation could be set to –50%, 0%, and +50%, and, 

furthermore no change in heavy rainfall frequency and three times higher heavy rainfall frequency could 

be set up by the user. To accommodate the socioeconomic factors, different pre-set scenarios can be 

defined within the tool based on Representative Concentration Pathways (RCPs) and Shared Socio-

economic Pathways (SSPs). Depending on the conditions and policies currently in Sweden, three 

scenario matrices can be selected with two extreme scenarios and one average scenario to assess the 

impact of socioeconomic factors on water quality. The data for change in climate variables can both be 

preset into the tool based on IPCC report or entered by the user based on specific locations. 

5.2 Limitations 

There were a few limitations to this systematic literature review. The process of systematic literature 

review consists of multiple reviewers with the minimum being two going through the selection process 

of the studies. This was not the case for this study as the project being part of the Master’s thesis resulted 

in only the author performing all the steps. The selection of the studies is followed by an assessment of 

the quality of the studies and further the extraction of the data from these studies which are also 

conducted with a minimum of two reviewers performing the work in parallel which was not the case in 

this project. Another limitation of the literature review process is the existence of bias on multiple levels. 

A majority of studies with negative results are usually not published; this results in a skewed image of 
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the information available on the topic. Another reason for bias goes back to the lack of multiple 

reviewers, as one reviewer could affect the focus of the study to lean in one specific direction resulting 

in certain studies being favoured over the others. The other major limitation in this systematic review is 

that only peer reviewed articles from Scopus and ScienceDirect were included in the study. Both these 

databases focus solely on publications from Elsevier which resulted in peer reviewed studies from other 

publications such as Semantic scholar, Springer and GeoRef to be excluded. This also led to the 

exclusion of other technical reports and articles published through non-peer reviewed sources which 

could have been vital in terms of meeting the objectives of the project.  

    The authors of the analysed studies indicate a range of uncertainties in their studies. The study by de 

Man et al. (2014) states that the methods used to detect the pathogens were not indicative for the 

infectivity of the detected pathogens which could have resulted in an overestimation of the risk of 

infection. Guo et al. (2020) in their study mention that due to the scarcity of data an approximate value 

of baseline contamination levels at individual water sources was used. The availability of more specific 

information on the contamination sources could have led to an improvement in the water quality model. 

Delpla et al. (2009) in their study state the cause of uncertainty in the results being a lack of information 

about the occurrence of pathogens and their fate due to the effects of climate change. The limitations in 

the review by Nijhawan and Howard (2021) shares a few similarities with this project with the literature 

being obtained only through peer-reviewed sources resulting in the exclusion of other valuable sources. 

The study then goes on to mention the overrepresentation of data from certain geographic regions 

because of the exclusion of studies with titles and text in languages other than English being excluded. 

This might have resulted in the outcome of the study to be biased. Literature from sources such as private 

utility and engineering firms was also excluded which could have contained necessary insights regarding 

the effects of temperature and precipitation on the quality of water (Nijhawan and Howard, 2021). 

    Sterk et al. (2016b) suggest that neglecting of infiltration excess runoff might have underestimated 

the consequences of climate change. The study also brings up the fact that the process of dilution for 

surface water is not instant as assumed in the study, which could have led to the pathogen concentration 

being underestimated in certain areas. Hales et al. (2014) in their study point out that the use of relative 

risks for all types of diarrhoeal disease is a conservative approach as there is ample evidence suggesting 

that different pathogens showcase various profiles at different temperatures. Schijven et al. (2013) in 

their study state the tool being used does not contain a built-in warning system to prevent unrealistic 

settings, and the user should obtain relevant knowledge about the specific location instead of using the 

default values provided by the tool. Sterk et al. (2016a) brings up the possibility of reduction in the 

pathogen concentration due to die-off or sedimentation within the sewer system, which has not been 

included in the model being used in the study leading to unreliable results. The review by Islam et al. 

(2021) provides evidence of sewer overflow during heavy rainfall events and further states that this 

overflow remains unaccounted for in the majority of modelling studies.  
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    Leveque et al. 2020 bring up the issue of the bias correction method using a linear relationship while 

the modelled climate system is non-linear causing uncertainty in the result. Jeon et al. (2019) in their 

study shed light on the need of stream bed monitoring to accompany water quality monitoring to better 

understand the fate and transport of fecal coliform bacteria. Another study showcasing limitation owing 

to the lack of data is by Mohammed and Seidu (2019), in which the authors state the potential source of 

uncertainty to be the future prediction for average precipitation, water consumption pattern, and dose 

response models. Demeter et al. (2021) in their study emphasize on the dependency of contaminant 

concentration in CSO water on the urban area and the sewer system design, but an in-depth location-

specific analysis of the urban sewer system and its response to climate change was beyond the scope of 

their study. 

5.3 Further research 

One of the interesting points of focus for future research would be to study the effect of climate change 

on the treatment of water and also the requirements for the protection of ground and surface water 

sources. Climate change has also triggered a series of algal blooms which have led to problems during 

the treatment process. Algal blooms have been linked to result in issues of taste, odour, and increased 

disinfection by-products. More research on other microorganisms opposed to the traditional fecal 

indicator bacteria would be beneficial in the future. Due to scarcity of data, the majority of studies being 

performed make use of predefined data from specific locations based on existing literature which have 

led to skewed or biased results due to difference in both climate and socioeconomic conditions across 

the globe. Hence there is a need for more modelling studies based on realistic scenarios from across the 

globe to make predictions for the future. Studies so far have covered monitoring of pathogens, modelling 

future climate and water quality scenarios, and QMRA individually and there is a need to combine them 

for a wide group of pathogens. From the result of this review, it was observed that certain 

microorganisms of lower importance at the current stage may become crucial to the quality of water 

with the changing climate and hence the scope of QMRA needs to be widened. In the studies looked at 

in this review it has come to light that the impact of socioeconomic factors outweighs the impact of 

climate change in certain developing nations and hence further research on the integration of these 

factors in the risk assessment would be crucial (Islam et al., 2021).  

6. Conclusion 

Climate change will continue to have a drastic impact on the quality of water in Sweden. The outcome 

of the study indicates that there would be an overall increase in the concentration of pathogens with an 

increase in temperature and extreme weather events. QMRA models are essential to prepare and adapt 

to potential impact of climate change on the quality of drinking water. The existing Swedish QMRA 

tool although reliable lacked some key elements that hindered the prediction of infection risks in the 

future. The foundation of a new framework that integrates historical climate data, future climate 
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change projections, and stochastic risk modeling for multiple scenario matrices ranging from average 

to extreme based on both data driven and process based models has been developed in this study. The 

following additions to the Swedish QMRA tool have been suggested in this study in order to account 

for the effect of climate change: 

• Addition of three new modules namely extreme events, runoff and growth/die-off in the 

existing train of modules and further running scenarios based on climate change and 

socioeconomic factors through these updated modules 

• Addition of a climate change module similar to the one developed by Schijven et al. (2013) 

running extreme and average scenario matrices based on the conditions and policies in 

Sweden 

This new framework creates a stepping stone for water suppliers, regulators, modelers, and the 

scientific community to build upon better risk assessment tools for the future. In conclusion, here we 

have presented the different pathways to modify the existing Swedish QMRA tool to integrate the 

effects of climate change. The updated tool can be tested with a wide range of settings based on the 

climate predictions for Sweden to evaluate the risk of infection from waterborne pathogens. 
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Appendix A: Contamination Sources 

Study Contamination Source 
  

de Man et al. 

(2014) 

Dirt from paved surfaces (including dog feces and bird droppings), while 

floodwater originating from flooded storm sewers may be contaminated by 

illicit connections to sanitary sewers and floodwater originating from backflow 

from a combined sewer system will be contaminated with wastewater 

Sterk et al. 

(2016) 

Pathogen deposition in the watershed was calculated as a function of either 

presence of animals or manure fertilisation 

Nijhawan and 

Howard (2021) 

NA 

Jeon et al. (2019) Agricultural runoff, human sewage, wild and domestic animal feces, and re-

suspension from streambeds 

Mohammed and 

Seidu (2019) 

Potential sources of pathogens to surface water bodies include lateral inputs 

from pastures and riparian zones, influx of pathogen contaminated 

groundwater and faecal matter deposits from livestock and wildlife in 

catchments 

Ahmed et al. 

(2019) 

Sewer overflows, defective septic systems, agricultural runoff, defecation from 

wild animals and discharge of treated sewage 

Guo et al. (2020) NA 

Demeter et al. 

(2021) 

Fecal matter, discharges of municipal wastewater treatment plants (WWTP) 

and combined sewer overflows (CSO), wildlife and domestic animal waste. 

Delpla et al. 

(2009) 

Contamination by animal or human waste due to heavy rainfall 

discharge in combined sewer systems (CSS). 

Kozak et al. 

(2020) 

NA 

Smith et al. 

(2015) 

Snowmelt and subsequent parasite-laden runoff into source water;  household 

sewage and wastewater can, in some cases, be discharged into water reservoirs 

dependent on permafrost for storage and sensitive to thawing under climate 

change 

Kistemann et al. 

(2001) 

NA 

Hofstra (2011) Sewer overflows,  (sub)surface runoff of manure and other faeces , extreme 

precipitation events increase turbulence and this allows for re-suspension of 

pathogens from sediment 
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Leveque et al. 

(2020) 

NA 

Islam et al. 

(2021) 

Untreated wastewater discharges, septic tank leakage, agricultural/ 

urban runoff and through wildlife 

Young et al. 

(2015) 

NA 

Sterk et al. 

(2016) 

Domestic wastewater, the capacity of the sewer systems and 

WWTPs may be exceeded during periods of high rainfall, and, untreated 

wastewater will be discharged directly into the surface waters. 

Sterk et al. 

(2013) 

Pathogens in the aquifer compartment (water bearing layer of 

soil/rock) are introduced through leakage from sewage, septic 

tanks, or landfills; from infiltration from soil surface, or through 

interaction with surface waters, animal feces 

Kobayashi et al. 

(2015) 

Fertilizer application, grazing animals, and urban runoff 

Derx et al. (2016) Fecal deposits from wildlife, birds, and visitors in the floodplain 

that are resuspended in flood water, runoff to the floodplain 

river, and/or groundwater infiltration 

Islam et al. 

(2018) 

Sewage is discharged into the river without treatment,   manure applied to the 

paddy rice fields as organic 

fertilizer, and direct deposition of manure to the river and canals. 

Schijven et al. 

(2013) 

Runoff from agricultural land, discharges of municipal wastewater treatment 

plants (WWTP) and combined sewer overflows 

Hales et al. 

(2014) 

NA 
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