
 
 
 
 
 

Water Treatment Plant Operational Resilience – An Evaluation of Powdered Activated Carbon Usage for 
Seasonal Taste and Odor Control in Relation to Climate Change and Source Water Quality 

 
 
 

By 
 

 
Pamela Ann Hoover 

 
 
 

Dissertation 

Submitted to the Faculty of the 

Graduate School of Vanderbilt University 

in partial fulfillment of the requirements 

for the degree of 

 
DOCTOR OF PHILOSOPHY 

in  

Environmental Engineering 

May 9, 2025 

 Nashville, Tennessee 

 

 
Approved: 

 
Jonathan Gilligan, Ph.D. 

Janey Camp, Ph.D.  

Mark Abkowitz, Ph.D. 

Florence Sanchez, Ph.D. 

Michael Vandenbergh, J.D. 



ii  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In dedication to my mother, 
who lived in a time when higher education was not universally available to women, 

but she believed it was worth fighting for. 
 



iii  

ACKNOWLEDGMENTS 

 
I would like to recognize financial support from the Vanderbilt University’s Provost Office as part of a Research 
Scholar Grant; the Vanderbilt University Data Science Institute as a Mini-Grant; and the National Science 
Foundation (NSF Award # 2439081, Project: NSF 21-548 Future of Work at the Human-Technology Frontier: 
Core Research).  I would like to acknowledge the support of the Metropolitan Nashville and Davidson County 
Water Department personnel for their time and assistance with this project.  They generously provided most of 
the data used in the project and provided insights into management and operations of the water treatment plants.  
I would also like to acknowledge the time and effort of the Tennessee water treatment plant operators that 
responded to the survey.  I am grateful to my advisor, Janey Camp, for her support through this project.  Further 
I would like to thank my dissertation committee for providing insight in to how to approach the project and 
their helpful comments along the way.  I would also like to recognize James Clarke, my professional colleague 
who encouraged me to apply to Graduate School and became my advisor.  In his memory, his work carries on 
through the colleagues and students he worked with.  I would also like to recognize the Vanderbilt Writing 
Studio and Student Care Network who provided me with valuable support and information on project 
management techniques for completing this dissertation.  I am indebted to my colleagues, and friends, at 
AquAeTer, Inc. who gave me a tremendous amount of flexibility and understanding so I could work on my 
dissertation.  Most of all, I would like to thank my friends and family for their patience and for standing by me 
through the process. 
 

 
 



iv  

TABLE OF CONTENTS 
 

 
ACKNOWLEDGMENTS ................................................................................................................................ iii 

TABLE OF CONTENTS .................................................................................................................................. iv 

LIST OF TABLES .......................................................................................................................................... viii 

LIST OF FIGURES .......................................................................................................................................... ix 

CHAPTER 1 ..................................................................................................................................................... 10 

Introduction .................................................................................................................................................. 10 

1.1 Overview ................................................................................................................................................. 10 

1.2 Achieving Resilience and Adaptation to Climate Change .................................................................... 10 

1.3 An Overview of Taste and Odors Issues .............................................................................................. 11 

1.3.1 Characterizing T&Os ............................................................................................................................ 11 

1.3.2 Consumer Perceptions of T&Os ............................................................................................................. 12 

1.4 Treatment and Costs ............................................................................................................................. 13 

1.5 Origins of T&Os and the Link to Climate Change .............................................................................. 13 

1.6 Modeling T&O Compounds and PAC ................................................................................................. 15 

1.7 Planning for Climate Change ................................................................................................................ 16 

1.8 Project Objectives .................................................................................................................................. 17 

CHAPTER 2 ..................................................................................................................................................... 20 

Perspectives of Public Water System Personnel on Taste and Odor Management and Planning with 
Implications for Climate Change Resilience: Tennessee Case Study ................................................ 20 

2.1 Introduction ........................................................................................................................................... 20 

2.1.1 Impacts on Climate on T&Os ............................................................................................................... 21 

2.1.2 T&O Treatment, Management, and Planning .................................................................................... 22 

2.1.3 Investigating WTP Operator Perspectives for Additional Understanding of T&O Management 
and Planning .......................................................................................................................................... 23 

2.2 Methodology .......................................................................................................................................... 24 

2.2.1 Survey Instrument ................................................................................................................................. 24 

2.2.2 Survey Population ................................................................................................................................. 24 

2.2.3 Data Analysis ......................................................................................................................................... 24 



v  

2.3 Results and Discussion .......................................................................................................................... 25 

2.3.1 Survey Response .................................................................................................................................... 25 

2.3.2 Characterization of Systems Represented ........................................................................................... 26 

2.3.2.1 System Characteristics ................................................................................................................. 26 

2.3.2.1.1 Primary Source of Intake Water .................................................................................... 26 

2.3.2.1.2 WTP Size .......................................................................................................................... 27 

2.3.2.2 Number of Persons Served .......................................................................................................... 27 

2.3.2.3 Implications of WTP Characterization ...................................................................................... 28 

2.3.3 Presence and Types of T&Os ............................................................................................................... 29 

2.4 WTP Operator Perspectives ................................................................................................................. 31 

2.4.1 Importance of T&O Events .................................................................................................................. 31 

2.4.2 Changes Over Time ............................................................................................................................... 34 

2.4.3 Improvements ........................................................................................................................................ 35 

2.4.4 Planning for T&Os ................................................................................................................................ 36 

2.4.5 Role of Experience in Management Decisions .................................................................................... 38 

2.5 Limitations ............................................................................................................................................. 40 

2.6 Conclusions ............................................................................................................................................ 40 

CHAPTER 3 ..................................................................................................................................................... 43 

Water Treatment Resilience: Simple Models to Predict PAC Usage and T&O Compounds ................. 43 

3.1 Introduction ........................................................................................................................................... 43 

3.1.1 Water Treatment of T&Os and PAC Usage ......................................................................................... 43 

3.1.2 Modeling T&O Compounds and PAC Usage ....................................................................................... 44 

3.1.3 Preparing for the Future with Climate Change .................................................................................. 44 

3.2 Methodology ........................................................................................................................................... 46 

3.2.1 Study Location ....................................................................................................................................... 46 

3.2.2 Data Used in the Analysis ..................................................................................................................... 48 

3.2.3 Model Development ............................................................................................................................... 48 

3.2.3.1 Simple Linear Regression ............................................................................................................ 49 

3.2.3.2 Logistic Regression ....................................................................................................................... 50 

3.2.4 Data Preparation for Modeling ............................................................................................................ 50 

3.2.4.1 Simple Linear Regression ............................................................................................................ 51 



vi  

3.2.4.2 Logistic Regression ....................................................................................................................... 51 

3.3 Results and Discussion ........................................................................................................................... 51 

3.3.1 Performance of SLR as a Modeling Method ....................................................................................... 51 

3.3.2 Performance of Logistic Regression as a Modeling Method .............................................................. 55 

3.3.2.1 T&O Compound Model Development ........................................................................................ 58 

3.3.2.2 PAC Usage Model Development ................................................................................................. 65 

3.3.3 AIC and the M+G Variable .................................................................................................................. 68 

3.3.3.1 M+G as the Dependent Variable ................................................................................................. 68 

3.3.3.2 M+G as the Independent Variable .............................................................................................. 68 

3.3.4 Comparison of the Two Validation Hold-Out Types ......................................................................... 68 

3.3.5 Similarity of the WTP Models .............................................................................................................. 69 

3.4 Conclusions ............................................................................................................................................ 69 

CHAPTER 4 ..................................................................................................................................................... 72 

WTP Resilience: A First Step to Quantify Potential Impacts of Climate Change on the Management of 
T&O Compounds in the Municipal Water Supply............................................................................. 72 

4.1 Introduction ............................................................................................................................................ 72 

4.2 Background ............................................................................................................................................ 72 

4.2.1 Climate Change and T&Os ................................................................................................................... 72 

4.2.2 Preparing for Climate Change .............................................................................................................. 73 

4.3 Methods .................................................................................................................................................. 74 

4.3.1 Study Location .............................................................................................................................. 74 

4.3.2 Data Used in the Predictions ....................................................................................................... 75 

4.3.2.1 Ambient Air Temperature ........................................................................................................... 75 

4.3.2.2 PAC Usage .................................................................................................................................... 75 

4.3.3 Model Predictions ......................................................................................................................... 75 

4.3.4 Levels of Concern ......................................................................................................................... 76 

4.3.4.1 Development of T&O and PAC Levels of Concern ................................................................... 76 

4.3.4.2 Levels of Concern and PAC Usage Projections ......................................................................... 76 

4.4 Results and Discussion ........................................................................................................................... 77 

4.4.1 Ambient Air Temperature ........................................................................................................... 77 

4.4.2 T&O Compound Occurrence Probability Predictions.............................................................. 78 



vii  

4.4.2.1 Omohundro WTP ......................................................................................................................... 79 

4.4.2.2 KR Harrington WTP ................................................................................................................... 80 

4.4.2.3 Summary ....................................................................................................................................... 80 

4.4.3 PAC Usage Probability Predictions ............................................................................................ 81 

4.4.3.1 Omohundro WTP ......................................................................................................................... 81 

4.4.3.2 KR Harrington WTP ................................................................................................................... 84 

4.4.3.3 Summary ....................................................................................................................................... 86 

4.4.4 Similarity of the Two Plants ........................................................................................................ 87 

4.4.5 Logistic Regression Modeling as a Prediction Method ............................................................. 89 

4.5 Conclusions ............................................................................................................................................. 89 

CHAPTER 5 ..................................................................................................................................................... 91 

Project Conclusions ....................................................................................................................................... 91 

References ....................................................................................................................................................... 97 

Appendices ................................................................................................................................................... 105 
 



viii  

LIST OF TABLES 
 
Table 1.  Summary of the monthly average data used in the SLR Modeling. .......................................................... 52 
Table 2.  Omohundro WTP preliminary SLR modeling results. .............................................................................. 53 
Table 3.  KR Harrington WTP preliminary SLR modeling results. ......................................................................... 54 
Table 4.  Summary of the monthly average data used in the logistic regression modeling...................................... 56 
Table 5.  Omohundro WTP logistic regression modeling results (VS1). ................................................................. 60 
Table 6.  Omohundro WTP logistic regression modeling results (VS2). ................................................................. 61 
Table 7.  KR Harrington WTP logistic regression modeling results (VS1). ............................................................ 62 
Table 8.  KR Harrington WTP logistic regression modeling results (VS2). ............................................................ 63 
Table 9.  Ambient air temperatures used in the predictions for the study and projected periods. ............................ 77 
Table 10.  Omohundro WTP levels of concern. ....................................................................................................... 78 
Table 11.  KR Harrington WTP levels of concern. .................................................................................................. 79 
Table 12.  Omohundro WTP PAC usage (kg) during the study period (2007-2016). .............................................. 82 
Table 13.  PAC equivalents (kg) calculated for each level of concern..................................................................... 82 
Table 14.  Omohundro WTP levels of concern and average PAC equivalents. ....................................................... 83 
Table 15.  The projected annual usage in PAC equivalents for each time period. ................................................... 83 
Table 16.  KR Harrington WTP PAC usage 2007-2016 (kg). .................................................................................. 85 
Table 17.  KR Harrington WTP levels of concern and average PAC equivalents (kg). ........................................... 85 



ix  

LIST OF FIGURES 
 

Figure 1.  Distribution of respondents to the TN WTP operator survey. ................................................................. 26 
Figure 2.  The primary intake water source for the respondents’ WTPs (%). .......................................................... 26 
Figure 3.  Number of persons served, stratified by size and intake water source (%). ............................................. 28 
Figure 4.  Number of persons served, stratified by size and surface water intake sources (%). ............................... 28 
Figure 5.  The respondents reported their level of concern about T&Os (%). ......................................................... 32 
Figure 6.  Level of concern stratified by intake water source (%). .......................................................................... 32 
Figure 7.  Level of concern stratified by type of surface water intake water source (%). ........................................ 33 
Figure 8.  The respondents reported whether T&O planning was included in their management plan (%). ........... 36 
Figure 9.  Planning for the future stratified by the intake water source (%). ........................................................... 37 
Figure 10.  Planning for the future stratified by surface water intake source (%). ................................................... 37 
Figure 11.  The responses to the statement on experience, art, and science (%). ..................................................... 38 
Figure 12.  Experience, art, and science responses stratified by intake water source (%). ...................................... 39 
Figure 13.  Experience, art, and science responses stratified by surface water intake source (%). .......................... 39 
Figure 14.  Study location. ....................................................................................................................................... 47 
Figure 15.  Omohundro WTP SLR residuals plot. ................................................................................................... 55 
Figure 16.  Omohundro WTP SLR plot. .................................................................................................................. 55 
Figure 17.  Omohundro WTP ACF plot for PAC data. ............................................................................................ 57 
Figure 18.  Omohundro WTP PACF plot for PAC data........................................................................................... 57 
Figure 19.  Omohundro WTP ACF plot for the PAC ~ minimum ambient air temperature residuals. .................... 58 
Figure 20.  Omohundro WTP ROC plot for M+G ~ minimum ambient air temperature (VS1). ............................. 64 
Figure 21.  Omohundro WTP ROC plot for M+G ~ minimum ambient air temperature (VS2). ............................. 65 
Figure 22.  Omohundro WTP ROC plot for PAC ~ minimum ambient air temperature (VS1). .............................. 66 
Figure 23.  Omohundro WTP ROC plot for PAC ~ minimum ambient air temperature (VS2). .............................. 67 
Figure 24.  Omohundro WTP PAC usage probabilities. .......................................................................................... 81 
Figure 25.  KR Harrington WTP PAC usage probabilities. ..................................................................................... 84 



10  

CHAPTER 1 
 

 
Introduction 

 
 

1.1 Overview 

Resiliency in the water sector is essential for the health and stability of every community.  Further, a 

commitment to environmental justice means that the resilience of small and rural water utilities is ensured.  To 

achieve resilience, it is important to perform planning for future climate change conditions. The research to 

date has primarily addressed extreme weather events such as flooding, drought, severe storms, and fires, that 

could have significant chronic or catastrophic impacts on infrastructure.  These studies are of course extremely 

important, but operation of infrastructure, such a water treatment plants (WTPs), on a daily basis is also 

important to a community’s well-being.  Other studies focused on taste and odor (T&O) management from 

over a decade ago, found that utilities were experiencing changes and increased T&O events.  Projections for 

climate change indicate that temperatures are expected to increase in surface water sources for municipal water 

supply, which may lead to increased growth of bacteria that contribute to T&Os. Thus, water utilities will 

continue to face T&O events as climatic change continues over time, impacting the intake water supply and 

treatment processes at the plants.  It is important for WTPs to move from a reactionary approach to start 

planning and preparing for the changes to come.  

 
 
1.2 Achieving Resilience and Adaptation to Climate Change 

Adaptation is of critical importance to respond to and prepare for the predicted climate change impacts.  An 

important component of adapting to the risks faced by water utilities is to first identify the risks.  The United 

State Environmental Protection Agency (USEPA) addresses the risk of acute events, such as cyber-attacks and 

terrorist attacks, in the water sector as required by the America’s Water Infrastructure Act of 2018 (USEPA, 

2024b).  The USEPA also addresses adaptation to several risks through the Office of Water (USEPA, 2024a).  

The risks include floods, droughts, and the water supply itself.  In addition, the chronic day-to-day operations 

of water treatment are also a necessary part of the effort to enhance resilience in the water sector, including the 

intake source water quality.  The utilities must be able to maintain operations and deliver safe water through 

ongoing adaptation of their treatment systems to a variety of risks that impact the plants. 

One of the challenges to move from the development of a plan to implementation of action items to respond to 

climate change is the adequate tools are not available or accessible to water utilities (Khan et al., 2015; 

O’Connor et al., 1999).  The complexity of the uncertainties of climate change projections add to the inability 
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to respond to the predicted conditions that appear to be unreliable (Groves et al., 2014; O’Connor et al., 1999).  

It has been recommended that predictions should be communicated in a format that is easier for people to 

comprehend (Rosenzweig & Solecki, 2001).  The ability to adapt to the predicted changes in weather is 

important for water utilities as critical infrastructure in their communities.  Therefore, a need exists to ensure 

that there are tools available to help with planning, especially with regard to improved understanding and 

communication of risks to improve or adapt treatment processes. 

WTPs are designed utilizing significant factors of safety that allow for some variance from the optimal 

situation.  Therefore, this approach to design provides an ability for the systems to adapt to fluctuations in 

intake water quality.  However, one concern is that current planning is conducted with the assumption that 

future conditions will be similar to historic conditions and these assumptions may not be suitable nor realistic 

(Khan et al., 2015).  For WTPS, adaptation options include changing the chemical dosages and optimizing 

treatment processes (Staben et al., 2015).  These adaptation processes require that planning be performed to 

design, budget, and construct the improvements needed.  On a higher level, changes in treatment either by 

increasing chemical usage for existing processes or installation of new processes can put a strain on maintaining 

current operations as well as supply chains (if chemical usage is increased) across multiple WTPs adapting in 

similar ways.  Furthermore, small utilities may not have the monetary, nor the human resources (Switzer et al., 

2016), necessary to perform the analysis needed for adaptation planning activities.  Therefore, planning, and 

assistance with planning, to prepare for the expected changes to come is needed on the plant, regional, and 

national level. 

 
 
1.3 An Overview of Taste and Odors Issues 

 
 

1.3.1 Characterizing T&Os 

Several types of T&Os can be found in the intake water used by a WTP and throughout the treatment process.  

Chlorine is a common T&O that is present in finished water because of the residual that is required to maintain 

the safety of the treated water.  Tastes that can be present in the surface water prior to treatment include salty 

and sour (Burlingame et al., 2007).  The odors that can be present in the intake water include fishy, medicinal, 

and sulfide (Suffet et al., 1996).  Seasonal T&Os that present as having unpleasant musty and earthy scent and 

taste are associated with two organic compounds: trans-1,10-dimethyl-trns 9-decalol (geosmin) and 2-

methylisobrneal (MIC) (Carrière et al., 2010; Lin et al., 2002; Nerenberg et al., 2000).  Geosmin and MIB are 

unusual and problematic for WTPs because they have extremely low odor thresholds.  The odor threshold 

concentration (OTC), the level for which they are detected by humans, for these two compounds is generally 
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understood to be 10 ng/L.  Lower OTC levels have been reported, such as 8.5 ng/L for MIB an 4 ng/L for 

geosmin (Means III & McGuire, 1986), and even as low as 1.3 ng/L (Nerenberg et al., 2000).   

Drinking water aesthetics, such as T&Os are included in the list of hazards provided in the World Health 

Organizations (WHO’s) Water Safety Plan resource document (World Health Organization, 2023).  Termed as 

“acceptability,” drinking water aesthetics (including T&Os) is listed because this hazard undermines consumer 

confidence in the drinking water supply.  Water utilities must not only meet health standards and threats of 

these important acute risks, but also attend to the non-health related risks of T&Os which can cause a loss of 

public confidence in the quality of the drinking water and, in turn, loss of customers.  

 
 

1.3.2 Consumer Perceptions of T&Os 

The presence of geosmin and MIB in drinking water may be unpleasant, but neither of the two compounds 

have been identified as human health concerns.  For example, due to the prevalence of these two compounds 

and public concern about them, “a detailed study of the mutagenic and cytotoxic effects” using the Ames Test  

was conducted and it was found that these compounds are not a health hazard (Dionigi et al., 1993).   T&O 

compounds are not regulated by the USEPA as Primary Maximum Contaminant Levels (MCLs) or Maximum 

Contaminant Levels Goals (MCLGs) found in the Safe Drinking Water Act regulations (National Primary 

Drinking Water Regulations, 1975).  However, odor is listed on the Secondary MCLs list with a level of 3 

threshold odor number (TON) (Other Safe Drinking Water Act Regulations, 1979) for the aesthetic 

characteristics of the treated water (Shawwa et al., 2024).   

While not a health concern, seasonal T&Os are an issue for water utilities because of public perception and 

expectations for high quality and safe drinking water (M. de F. Doria, 2010; Suffet et al., 1996).  The presence 

of T&Os can be an important component in a customer’s choice as to whether or not to use the water (Dietrich, 

2013; M. de F. Doria, 2010; Khiari, 2004).  The American Water Works Association’s (AWWA’s) Taste and 

Odor Committee reported that utilities have increased the priority of managing off-flavors because they are “as 

important to the consumer as toxic hazards control” (Khiari, 2004).   

When finished drinking water has T&Os, customers notice and become concerned that the water is not safe 

and contact the utilities with complaints.  As a result, utilities must respond to T&O events even though they 

are not a public health risk (Omur-Ozbek, 2012).  It is reported that unpleasant T&Os are increasing and some 

consumers have changed to alternate water supplies (Nerenberg et al., 2000).  The alternatives include bottled 

water, untreated spring water, or other unhealthy products, which include drinks containing large amounts of 

sugar (Khiari, 2004; Pierce & Gonzalez, 2017).  Consumer confidence is important to water utilities and 
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managing the unpleasant seasonal T&Os is a key component to meeting the consumer’s expectations.  

Therefore, planning and preparation for climate change impacts on the seasonal T&Os will be paramount for 

water utilities to maintain consumer confidences and satisfaction in the quality of the treated water. 

 
 
1.4 Treatment and Costs 

The intake water conditions determine the treatment processes needed to produce the final product of drinking 

water, the quality of the final product, and the costs to operate.  The processes or management options utilized 

by water utilities to treat the unpleasant seasonal T&Os are selected based upon the type of T&Os experienced 

at the WTP, the frequency of occurrence (episodic or continuous), and other compounds in the water, such as 

natural organic matter (NOM) (Srinivasan & Sorial, 2011).  Treatment options include powdered activated 

carbon (PAC) for episodic seasonal events, granular activated carbon (GAC) for continuous treatment, and 

advanced processes, such as advanced oxidation (ozone) (Nerenberg et al., 2000).  Additional methods for 

managing T&Os include: (i) utilizing alternate water supplies, (ii) integrated programs of treatment, (iii) 

monitoring, and (iv) early warning to respond to T&O events (Dietrich, 2013; Omur-Ozbek, 2012; Suffet et 

al., 1996).  The use of PAC is reported to be a relatively inexpensive method that is effective and can be applied 

as needed (Cook et al., 2001).  Also, it is easy to use and requires a low level of maintenance (MacKenzie et 

al., 2005).  However, intake water quality and the WTP processes can decrease the effectiveness of PAC.  A 

challenge for water treatment utilities is that at the lower levels of T&O compounds, removal using PAC can 

be difficult because of competition with other compounds found in the water (Nerenberg et al., 2000).  WTPs 

will continue to face the challenge to produce drinking water that meets the aesthetic standards expected by 

their customers in addition to the health and regulatory requirements that are in place.  Included in this challenge 

will be the budgetary and operational challenges that will continue in the future to meet this need.   

 
 

1.5 Origins of T&Os and the Link to Climate Change 

Utilities are tasked with treating the source water that is available at their intake while having little control on 

the quality of the water coming into the treatment plant.  Ultimately, the treatment processes, including the 

chemical usage, are selected in response to the quality of the intake water which is influenced by a myriad of 

chemical, physical, and biological factors.  The surface water environment at any point along the waterbody is 

shaped by the upstream flow characteristics; the inputs to the segment of interest from other waterbodies and 

impacts of land use; and the chemical, physical, and biological process that occur in the waterbody.  These 

processes form the ecological system of the aquatic environment in which the many processes influence one 

another and determine the presence of the primary producer of the unpleasant seasonal T&O compounds, 
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cyanobacteria (Dzialowski et al., 2009; Izaguirre et al., 1982; Kehoe et al., 2015; Nerenberg et al., 2000; Parinet 

et al., 2010, 2013).  In addition to cyanobacteria, algae, actinomycete bacteria, and fungi, in the water column 

(planktonic) or in sediments (benthic), have been found to produce these and other T&O-producing compounds 

(Dzialowski et al., 2009; Hobson et al., 2010; Kehoe et al., 2015; Parinet et al., 2010, 2013).  The relationship 

between the presence of T&Os and source water quality has been linked to parameters such as temperature and 

nutrients, and waterbody physical dynamics such as mixing and depth (Shang et al., 2024).   

Climate change can impact concentration and growth of these producers of seasonal T&O compounds due to 

increased temperature as well as changes in precipitation that affect mixing, nutrients, and oxygen levels.  

Water temperature is a critical factor in the physical, chemical, and biological processes that occur in surface 

waters.  Since water temperature is related to ambient air temperature (Kaushal et al., 2010), it is predicted that 

climate change will have an impact on surface waterbodies as a result of increasing ambient air temperatures.  

Warmer temperatures are reported to lead to an increase in the competitive advantage for cyanobacteria over 

phytoplankton (Delpla et al., 2009; Paerl & Paul, 2012).  Also, it is thought that rising temperatures and the 

earlier seasonal onset of warm temperatures in the year have led to the spread of cyanobacteria species (Delpla 

et al., 2009).  Eutrophication and climate change have been linked to the expansion cyanobacteria-related 

harmful algal blooms (Paerl & Paul, 2012).  Therefore, water utilities are at risk due to climate change 

conditions that are expected to alter the quality of their intake water supply, which they have no control over. 

Climatic change impacts on surface water quality have been reported through observed increases in river 

temperatures (Kaushal et al., 2010), changes in the frequency and magnitude of precipitation (IPCC, 2022; 

National Academies of Sciences, Engineering, and Medicine, 2016), increased dissolved organic compound 

(DOC) concentrations (Delpla et al., 2009; Ledesma et al., 2012), and total organic carbon (TOC) (Hashempour 

et al., 2020) concentrations in surface water.  Additionally, the concentration of constituents in source waters 

leading to T&Os either directly (organic and inorganic chemical constituents) or indirectly (microbial growth) 

are expected to increase (Clark et al., 2011; Paerl & Paul, 2012).  Evidence of an increase in the reporting of 

T&Os over time was provided in the 2012 AWWA report (Omur-Ozbek, 2012).  According to the report, 44% 

of the respondents experienced taste and odor events.  These respondents noted an increasing trend from 

approximately 10 years prior to the time of the survey, as well as an increase in the number of T&O events.  

Furthermore, in another question that directly asked if there had been an increasing trend, 15% of the 

respondents that experienced T&O events agreed.  Respondents indicated that the primary causes of T&Os 

were algae/plankton (68%) and disinfectant residual (57%).   While the percentage agreeing with the statements 

that they are experiencing T&O issues and the issues have increased appear to be low, this is inconsistent with 

the reports of a growing problem (Khiari, 2004).  Since this study did not differentiate between WTPs that use 
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groundwater or surface water or the size of the WTPs for these results it is not known what the impact of the 

reported issues are on the public.  For instance, the seasonal unpleasant earthy and musty T&Os may be 

prevalent in large WTPs that use surface water, impacting a large population.  Even over a decade ago at least 

some utilities were experiencing changes and increased T&O events.  Thus, these water utilities will continue 

to face T&O events and additional utilities may develop T&O issues as climatic change continues over time, 

impacting the intake water supply and treatment processes at the plants. 

 
 
1.6 Modeling T&O Compounds and PAC 

Several methods have been developed to predict the onset and level of seasonal T&O events using source water 

quality variables.  Linear and nonlinear models, both simple and complex, have been developed to explain 

T&O presence using geosmin, MIB, or the surrogate threshold odor number (TON) as dependent variable and 

a variety of combinations of independent variables (Kehoe et al., 2015; Smith et al., 2002; Westerhoff et al., 

2005).  These models were not focused on treating T&O compounds, but estimating the presence of the T&O 

compounds based upon biological processes, etc.  (Bruder et al., 2014; Dzialowski et al., 2009; Kehoe et al., 

2015; Lin et al., 2002; Parinet et al., 2010, 2013).  To date, there are no models that have been developed using 

ambient air temperature and the focus has not been on treatment processes linked to weather and/or climate. 

While existing research is important and helps us understand the mechanism of T&O occurrence, most water 

utilities would not be able to provide the parameters needed for these models. Regarding the issue of T&Os, 

development of simple models to predict geosmin occurrence was the goal of a study of three Canadian water 

intake sources (Parinet et al., 2013).  Although the multilinear regression model did not have the best 

performance, it was selected because of the simplicity of using four variables by the WTPs.   Recognition of 

this the importance of models that are accessible to the WTPs was also noted in the research on a different 

treatment process, disinfection and trihalomethane (THM) generation in which the model selected had the 

advantage of using a smaller number of independent variables that were readily available to the WTPs (Xu et 

al., 2022).   

The World Climate Research Programmes’s (WCRP’s) Coupled Model Intercomparison Project (CMIP) has 

provided climate change projections in terms of two variables: ambient air temperature and precipitation (IPCC, 

2022).  Previous studies on T&Os and climate change have not included predictions using climate change 

scenarios.  Instead, the predictions reported in these studies have used the model performance testing results.  

However, the need to predict the changes that will occur under climate change conditions has been recognized 

for other water treatment concerns, the generation of DBP (Delpla et al., 2016) and THM formation (Valdivia-
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Garcia et al., 2019).  These studies demonstrate the importance of predictions using climate change scenarios 

that can be used to prepare for future conditions.  For water utilities to prepare for the future, models are needed 

that have been developed in terms of the two climate prediction variables so that predictions can be made for 

planning purposes.  Although a relationship can be derived between ambient air temperature and water 

temperature (Caissie, 2006), models and analytical processes are needed for water utilities to predict T&O 

compound occurrence using the climate change temperature variable.  

While modeling can help WTPs with estimates of occurrence of T&Os, developing site-specific models for 

each WTP in the U.S., or beyond, would be a time consuming and expensive activity.  Thus, the only WTPs 

that might be able to prepare their systems would be those with adequate staff and resources.  Meanwhile, Yates 

and Miller (2011) suggest that the assessment of climate change impacts on utilities should be site-specific 

because the needs and resources of utilities are site-specific.  The research on DBP predictions also includes 

an evaluation of the possibility of using composite or template models, which may be an option for T&O 

compound modeling also.  Therefore, it may be possible and advantageous to develop models that can serve as 

templates for plants in close proximity with similar weather and climate conditions.  

 
 

1.7 Planning for Climate Change 

Planning for climate change can help water utilities in being resilient to the expected acute and chronic future 

conditions (World Health Organization, 2023).  Many water utilities have started the work to plan for the 

consequences of climate change on water supplies.  The Water Research Foundation (WRF) reports that the 

initial step taken by water utilities is to understand the science of climate change and identify risks  (Groves et 

al., 2014).  However, O’Connor et al. (1999) reported that 41% of respondents to a survey of Pennsylvania 

community water supply (CWS) operators were “not concerned at all” about the impact of climate change on 

their treatment plants.  Although some utilities are planning for climate change, it appears that many are not.  

Utilities may not be experiencing an urgency to do because they have trust in their operators to manage any 

changes that arise. 

The research using modeling has been to understand the factors that are shaping T&O compound presence in 

surface waterbodies.  These goals are extremely important, but for practitioners concerned about climate 

change impacts at WTPs, predictive analytics are needed.  Practitioners need models to assist in decision 

making at the plant, region, and national levels.  Until water utilities can predict T&O compound presence and 

estimate PAC usage, they will not be able determine what the impacts to their utility will be due to supply chain 

limitations, cost, and treatability under future conditions.  Models can help fill this need, but they need to be 



17  

made accessible and understandable for utilities and operators/managers.  Planning is needed to define and 

mitigate issues faced under climatic change such as competition for resources among a variety of entities that 

use PAC.  Coordination of their needs could alleviate problems in different areal segments, such as states, 

regions, and watersheds (Bloetscher et al., n.d.). 

The ability of utilities and other practitioners to access the data needed for modeling is an important 

consideration in proceeding with preparation for climate change.  In the U.S., routine monitoring is conducted 

by WTPs as part of their regulatory requirements.  In many states, the data are provided to their respective state 

regulatory agencies on a regular (often monthly) basis.  The information submitted includes operation data, 

such as intake water flow, intake water temperature, treated water volume, and filter flushing, analytical results 

such as microorganism counts and fluoride, and chemical usage such as lime and PAC.  Plants may conduct 

additional monitoring if they choose to but budget and staffing constraints experienced across the water sector 

indicate that this is not likely.  Based on the parameters collected regularly by WTPs for regulatory purposes, 

most utilities are not anticipated to have the necessary data required by many of the existing models, such as 

chlorophyl-a, nutrients, total dissolved solids, algal species counts, and T&O compound analytical results.  

Therefore, there is a gap and need for models that can help with predictions and planning for T&Os and possibly 

PAC demand that are accessible and understandable for WTPs without requiring additional data collection or 

sophisticated software. 

 
 

1.8 Project Objectives 

A primary risk facing water utilities is the loss of the confidence of customers due to the presence of seasonal 

unpleasant T&Os, especially as source waters increase in temperatures or favorable seasons for the compounds 

that lead to T&O expand.  If T&Os are not minimized, the utilities risk loss of customers purchasing the water, 

which impacts their revenue stream.  Furthermore, customers that lose confidence in treated municipal water 

supplies often shift to  alternative, expensive, or unsafe drinking water sources, which can jeopardize their 

health (M. F. Doria, 2006; Pierce & Gonzalez, 2017).  A review of the WTP treatment processes indicated that 

the seasonal unpleasant T&Os originate in the source water used by the WTPs due to multiple factors including 

growth of microorganisms in the source waters.  Potential risks to water treatment systems under climate 

change conditions include microorganism growth in the water resource, decreased quality of the source water, 

decrease in treatment efficiency due to changes in source water from what the plant was designed to treat, 

increased chemical usage and associated costs, and increasing waste generation at WTPs (Staben et al., 2015).  

Changes or expansion of treatment processes will result in increased costs to purchase supplies/chemicals, 

dispose of waste materials, and expand storage and treatment units.  Other related risks include supply chain 
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issues if limited supply sources are available, such as PAC, which is a common treatment method (Srinivasan 

& Sorial, 2011).   

Literature points to challenges in overall planning for intake water quality changes due to climate change, as 

well as land use changes and events outside of the design criteria for WTPs (DeWalle & Swistock, 2000; Khan 

et al., 2015).    Further anecdotal evidence for the southeastern U.S. has indicated that WTP operators are quite 

concerned about T&O issues at the plants and they are also noticing changing weather and intake water quality, 

as well as the resulting increase in T&O event magnitude, frequency, and event length.  However, little is 

known about WTP operator’s perspectives on changes occurring at the plants and their readiness for the 

predicted impacts on the plants due to climate change.  As to the development of methods that are needed to 

prepare for climate change impacts on T&O compound treatment, there is a research gap because actual 

predictions of these events as a function of a weather condition are not reported.  And, specifically, predictions 

of PAC usage as a function of a weather variable are not reported.  Another aspect of the existing models in 

the literature is that often they are complicated models using a range of variables that are not easily accessible 

to most WTPs.   

All of the processes involved in the management of T&Os now and in the future are complex: planning and 

management processes, surface water physical chemical processes, surface water biological and ecological 

processes, WTP treatment processes, modeling methods, and climate change projection methods.  The goal of 

this project is to make inroads into our understanding of the potential to use existing data that plants collect and 

modeling that is accessible (not overly complex or costly) for operators to assist with planning for the impacts 

of climate change on WTPs with a focus on one aspect of drinking water production (i.e., T&O management).  

As noted by O’Conner et al. (1999), water utility managers and operators may be aware of the changes in 

climate and the future projections for continued changes, and also be uncertain how the available information 

applies to their facilities.  Development of methods to evaluate the risk of climatic change and impacts to water 

treatment operations would allow utilities, as well as regulatory agencies as well, to determine if the risk is 

severe enough to require intervention or not.   Therefore, a three-part research project is presented in this 

dissertation that (i) investigates the perspectives of Tennessee (TN) utility operators on T&O control and 

planning, (ii) develops models to understand the relationship between PAC usage, T&O compound occurrence, 

and temperature, and (iii) applies the models in a case study to attempt to predict PAC using climate projection 

data.  

A first effort at capturing the perspectives of WTP operators specifically related to management of and planning 

for T&O issues is presented in Chapter 2.  The state of TN was used as a case study area.  Understanding their 
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perspectives helps provide insight into utility planning for climate change impacts.  The work also provides 

information that can be used to better support water utilities through development of tools and management 

processes to assist WTP operators.  The insight that the operators and utility management may be relying on 

experience of operations leads to the work presented in Chapters 3 and 4 where efforts are made to model and 

replicate historic decisions about managing T&O and then predict future treatment using two WTPs as a case 

study.  In Chapter 3, an initial step toward planning for impacts of climate change on water utilities was 

performed through a thorough analysis of two simple modeling methods.  In Chapter 4, the models were used 

to predict T&O compound presence and PAC usage as a function of CMIP projected ambient air temperatures 

to determine the impact of climate change.  Finally, the conclusions of the project are provided in Chapter 5.  

Chapters 2, 3, and 4 are presented as manuscripts prepared for peer-reviewed publication; therefore, they will 

read as somewhat stand-alone writings. 
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CHAPTER 2 
 

 
Perspectives of Public Water System Personnel on Taste and Odor 
Management and Planning with Implications for Climate Change 

Resilience: Tennessee Case Study 
 
 

2.1 Introduction 

In addition to their efforts to provide safe drinking water to their communities, U.S. water utilities must also 

address customer concerns about drinking water aesthetics which are.   For customers, the presence of T&Os 

raises concerns as to whether the water is safe to drink.  In the U.S., most water utilities are regulated as Public 

Water Systems (PWSs).  PWS is defined as an entity, publicly or privately owned, that serves at least 25 people 

or has at least 15 service connections for at least 60 days a year (USEPA, 2024a).  Utilities have to not only 

meet regulations for water quality, but also manage the customer experience at the tap regarding perceived 

drinking water quality due to T&Os.  This can be an important component in the customer’s choice as to 

whether or not to use the water (Dietrich, 2013; M. de F. Doria, 2010; Khiari, 2004).  The AWWA’s Taste and 

Odor Committee reported that water utilities have increased the priority of managing off-flavors because they 

are “as important to the customer as toxic hazards control” (Khiari, 2004).  As a consequence, the utilities 

receive complaints from customers that must be responded to (Omur-Ozbek, 2012).  Moreover, due to the 

presence of T&Os, some customers have shifted to alternate water supplies, such as bottled water, untreated 

spring water, or other  less healthy products, which included drinks containing large amounts of sugar (Khiari, 

2004; Pierce & Gonzalez, 2017).   

Ultimately, PWSs must not only meet health standards and address threats of important acute risks but also 

attend to the non-health related risks of T&Os which can result in a loss of public confidence in the quality of 

the water and subsequently lead to a loss of customers and revenue.  An important component of adaptation to 

current and future conditions faced by WTPs is planning to identify and respond to the risks, including 

evaluation of both normal operations and response to acute (e.g. flooding and cyber-attack) and chronic events 

(e.g., climate change and work force turnover).  The USEPA, the water sector’s regulatory authority at the 

national level, has addressed some of the risks of acute events in the water sector as required by the America’s 

Water Infrastructure Act of 2018 (USEPA, 2024a).  On the other hand, the World Health Organization (WHO) 

(2023) has identified drinking water aesthetics, including T&Os, as one of the hazards for WTPs under the 

category of “acceptability of the drinking water.”   

PWSs are tasked with treating the source water that is available at their intake while having little control on the 

upstream factors that impact the water available for use.  Source waters can come from surface waterbodies 
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(rivers, streams, lakes, and reservoirs), groundwater sources (aquifers and underground springs), other PWSs, 

or a combination of these sources.  For the purposes of this study, “intake” is used to describe the location 

where the water transitions from the source (surface water or groundwater) to the facility that manages it for 

drinking water (treatment and/or distribution).  Some drinking water systems do not have treatment plants 

because the quality of the source water meets the regulatory requirements.   For example, small systems using 

groundwater as their source may not have a treatment plant or have minimal treatment such as disinfection 

(USEPA, 2009).  In contrast, larger groundwater treatment systems could include filtration and chemical 

processes.  PWSs that use surface water as their source tend to use complex systems because surface water is 

more susceptible to various contaminants than groundwater is.  The basic treatment system for surface water 

includes coagulation/flocculation, sedimentation, filtration, and disinfection (USEPA, 2009).  Ultimately, the 

treatment processes, including the chemical usage, are selected in response to many factors including the 

quality of the intake water which is influenced by a myriad of chemical, physical, and biological factors. 

 
 

2.1.1 Impacts on Climate on T&Os 

Increasing intensity and frequency of rain and other precipitation events, heat waves, droughts, fires, and floods 

are attributed to the current state of climate change and these events are expected to continue increasing in the 

future (IPCC, 2022).  The sources of drinking water, whether surface water or groundwater, are expected to be 

impacted by these changes in climate.  Climatic change impacts on surface water quality have been reported 

through observed increases in river temperatures (Kaushal et al., 2010), changes in frequency and magnitude 

of precipitation (IPCC, 2022; National Academies of Sciences, Engineering, and Medicine, 2016), and 

increases in dissolved organic carbon (DOC) (Delpla et al., 2009; Ledesma et al., 2012) and total organic carbon 

(TOC) (Hashempour et al., 2020) concentrations in surface water. 

Additionally, the concentration of constituents in the source water leading to T&Os, either directly (organic or 

inorganic chemical constituents) or indirectly (microbial growth or the need for additional treatment chemical 

use), are expected to increase (Clark et al., 2011; Hashempour et al., 2020; Paerl & Paul, 2012).  For the 

problematic seasonal T&Os, such as geosmin and 2-methylisoborneol (MIB), the relationship between their 

presence and source water quality has been linked to cyanobacteria and other organisms, parameters such as 

temperature and nutrients, and waterbody physical dynamics such as mixing and depth (Shang et al., 2024).  

Climate change can impact concentration and growth of these producers of seasonal T&Os due to increased 

temperature as well as changes in precipitation that affect mixing, nutrients, and oxygen levels.  Other 

considerations for T&Os include the presence of metals and sulfides which are in the soil and bedrock and can 

be found in groundwater or surface water due to the contact with the water and runoff (Burlingame et al., 2024).  
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Further increases in shallow groundwater temperature that are attributable to climate change have been reported 

based on observation in Germany (Menberg et al., 2014) and in Canada (Kurylyk et al., 2013).  In addition to 

water temperature, changing groundwater recharge could impact the source water used for drinking water 

because of the constituent concentration and chemical forms that shape the T&O profile of the water (Barbieri 

et al., 2023).  As a result, changing weather conditions associated with climate change are expected to increase 

the intensity and magnitude of T&Os through impact to source water, both groundwater and surface water. 

Evidence of an increase in the reporting of T&Os over time was provided in the 2012 AWWA report that 

included survey results from water utilities in multiple countries (with 74% of the respondents from the U.S.) 

(Omur-Ozbek, 2012).  According to the report, this increasing trend was noted from approximately 10 years 

prior to the time of the survey as reported by the survey respondents, as well as an increase in the number of 

T&O events.  Furthermore, 15% of the respondents agreed that the occurrence of T&Os were increasing and 

the cause was ‘changes to the source water and algal bloom” (Omur-Ozbek, 2012).  WTPs will continue to face 

T&O events as climatic change continues over time, impacting the intake water supplies and treatment 

processes of the systems. 

 
 

2.1.2 T&O Treatment, Management, and Planning 

The processes and management options utilized by WTPs to treat T&Os are selected based upon the type of 

T&Os experienced at the WTPs, the frequency of occurrence (episodic or continuous), and the cause (for 

example, microbial, addition of chlorine compounds, and present of salts).  Treatment options include 

powdered activated carbon (PAC) for episodic events, granular activated carbon (GAC) for continuous 

treatment, and advance process, such as advance oxidation (ozone) (Nerenberg et al., 2000).  Additional 

methods for managing T&Os are utilizing alternate water supplies, dilution of salty intake water, and integrated 

programs of treatment, monitoring, and early warning to respond to T&O events (Dietrich, 2013; Omur-Ozbek, 

2012; Suffet et al., 1996). 

Evidence of the importance of managing T&Os by WTPs is illustrated by the portion of treatment costs incurred 

by utilities to address this issue.  The cost to treat T&O events is dependent on the type of treatment chosen 

and the magnitude of the problem.  As an example, the Buffalo Pound WTP in Canada has been reported to 

spend 8% of their operating budget annually on GAC to treat T&Os (Kehoe et al., 2015).  In a 1989 survey of 

North American WTPs conducted for the AWWA, respondents indicated that they spent an average of  4.5% 

of their budget on T&O control alone (Suffet et al., 1996).  However, respondents that ranked their T&O 

problems in the moderate to serious range reported that, on average, they spent 9.15% of their budget on T&O 



23  

response.  the Philadelphia Water Department has been reported to spend, $1,000 to $3,000 per day, “based 

upon the year 2000 as cost equivalence basis,”  to treat low levels of geosmin, MIB, and nonadienal (another 

seasonal T&O compound) (Suffet et al., 2008).  However, for T&O episodes, the cost could increase to $4,000 

to $6,000 per day.  Evidence shows that T&Os have been increasing and it is expected that WTPs will face 

increasing costs to treat them. 

Development of a plan for T&O management, such as the WHO’s Water Safety Plan, is a mechanism for 

assessing priorities for the utilities and the customer, collecting the needed data, evaluating the data, and 

developing response actions  to prepare for future conditions such as climate change  (Burlingame et al., 2024; 

Kozisek et al., 2024; World Health Organization, 2023).  It is important to assist water utilities in preparing 

and adapting to future changes by providing additional tools that assist with system management ranging from 

better communication of risk to improvement in treatment processes. 

 
 

2.1.3 Investigating WTP Operator Perspectives for Additional Understanding of T&O Management 
and Planning 

Literature points to challenges in overall planning for intake water quality changes due to climate changes, as 

well as land use change and events outside the design criteria for WTPs (DeWalle & Swistock, 2000; Khan et 

al., 2015).  Further anecdotal evidence for the southeastern U.S. has indicated that WTP personnel are quite 

concerned about T&O issues.  They are also concerned about changing weather and intake water quality, as 

well as the resulting increase in T&O event magnitude, frequency, and event length.  However, little is known 

about perspectives of WTP operators on changes occurring for their systems and their readiness for the 

predicted impacts on their systems due to climate change. 

In this project, a first effort at capturing the perspectives of WTP operators specifically related to management 

of and planning for T&O issues is presented.  The state of TN was used as a case study area.  TN provides a 

unique case study region to gain insight into operators’ perspectives due to having: (a) varied source water 

types [groundwater and surface water (river/stream and lake/reservoir)], (b) a range of WTP sizes, (c) multiple 

T&O treatment approaches, (d) one or multiple intake source available at some systems, and e) representation 

of both rural and urban systems.  Understanding their perspectives and if they differ based on the intake water 

source they use will provide insight into planning for the future of T&O management.  The results can then to 

extrapolated for determining the efforts needed to plan for climate change impacts and associated costs for 

treatment due to changes in intake source water caused by floods, drought, forest fires, increases in sour water 

temperatures, and shorter winters, which are expected to increase the frequency and magnitude of T&O events. 
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The work also provide information that can be used to better support water utilities through development of 

tools and management processes. 

 
 
2.2 Methodology 

 
 

2.2.1 Survey Instrument 

An online survey was developed and utilized to gather information from WTP operators.  The survey 

instrument utilized branching logic when appropriate to direct the respondents to applicable follow-up 

questions based upon the initial response.  The survey was pilot-tested among members of the research team 

familiar with water treatment processes and, also, some novices.  The study was reviewed and approved by the 

Vanderbilt University Institutional Review Board (IRB) (IRB# 182082).  The online survey instrument 

included questions on a range of topics regarding system operations and perspectives of the WTP operators on 

T&O management.  A subset of the survey questions administered (i.e., twenty-five) were selected for the 

purpose of this project because they primarily focused on information characterizing the system being 

represented, perspectives of the WTP operators related to T&O issues at their systems, and approaches to 

management and planning.  A copy of the survey instrument is provided in Appendix A. 

 
 
2.2.2 Survey Population 

A contact list of TN WTP operators was obtained from the TN Department of Environment and Conservation 

(TDEC) to serve as the population for the survey.  TDEC is the state agency that regulates drinking water in 

the state of TN.  The list of contacts included titles such as plant operator, certified operator, manager, and 

director.  The survey distribution list was prepared by removing duplicate and incomplete listings.  Also, titles 

that suggested the listing was an elected official were removed.  The initial distribution of the survey occurred 

through electronic mail in November 2018 with a reminder sent in December 2018.  The survey was closed in 

February 2019.  The survey was sent to 793 unique email addresses that represented 466 facilities.  The 

response data were collected and managed using Research Electronic Data Capture (REDCap), and electronic  

capture tool hosted at Vanderbilt University, Nashville, TN (Harris et al., 2009). 

 
 
2.2.3 Data Analysis 

In addition to the evaluation of the response data set using percentages, analysis was conducted on stratified 

data to gain insight on the relationships between source water type and perspectives on weather, water quality, 

and T&O management.  The responses were stratified based on their primary source of intake water: 
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groundwater/springs (groundwater) and river/stream/lake/reservoir (surface water).  The physical, chemical, 

and biological conditions of many rivers and streams in TN are influenced by navigational and hydropower 

dams making then a hybrid river/lake environment.  It is not known to what extent these impound structures 

influence the presence of T&Os.  To investigate this possible hybrid condition of river reaches behaving like 

lakes/reservoirs, the responses that were associated with surface water were further stratified into two groups: 

river/stream and lake/reservoir.  In the survey, the intake water sources did not distinguish whether groundwater 

was under the influence of surface water or vice versa. 

The results of questions that were stratified and did not include the “not applicable” response option were 

further analyzed for significance of the difference in the responses (see Section 2.5. Limitations).  The 

significance in the response by source water type was determined by the nonparametric ranking method 

Fisher’s Exact Test for Independence (FET).  This is a hypothesis test that can be used for the analysis of 

nominal variables and small sample sets (Connelly, 2016).  

The data analysis was conducted using Microsoft Office Excel ® or R, an open-source statistical environment 

(R Core Team, 2023). 

 
 

2.3 Results and Discussion 
 
 

2.3.1 Survey Response 

A total of 86 sufficiently complete responses were received.  An evaluation of the respondents indicated that 

facilities that purchased water self-selected to opt out of the survey.  The overall percentage of responses with 

respect to the number of facilities contacted was 18%.  U.S. Postal Service mail codes (zip codes) were collected 

to evaluate if there was adequate geographic distribution and representation and identify the counties 

represented.  TN has three regions that reflect different watersheds and water supply resources: East (surface 

water and some groundwater), Middle (surface water and groundwater), and West (predominantly 

groundwater) (Tennessee Department of Environment and Conservation, 2003).  As shown in Figure 1, the 

respondents were distributed across the state and each region had representation.  Additionally, responses were 

received from urban, rural, and suburban areas.  The response rate was determined to be acceptable, based on 

the facility response rate, as well as the distribution across the state. 
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Figure 1.  Distribution of respondents to the TN WTP operator survey. 

 
 

2.3.2 Characterization of Systems Represented 
 
 
2.3.2.1 System Characteristics 

 
2.3.2.1.1 Primary Source of Intake Water 

Over half (58%) of the respondents reported that their primary source of intake water was surface water and 

41% reported that they used groundwater as their intake source, as shown in Figure 2.  A complete set of figures 

illustrating the results of the study presented throughout the text is provided in Appendix B.  Twice as many of 

the surface water users specified that their primary intake water source was river/stream compared to 

lake/reservoirs.  None of the respondents reported “other public water system: as a primary source” as noted in 

Section 2.3.1.  Therefore, it was surmised that respondents that were distribution-only facilities (i.e., purchasing 

treated water from a WTP) self-selected to not participate in the survey.   

 
 

 

Figure 2.  The primary intake water source for the respondents’ WTPs (%). 
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2.3.2.1.2 WTP Size 

The size of the facilities was determined by the treatment capacity of the plant in cubic meters per second [m3/s, 

million gallons per day (mgd)] and the population served.  Based on these two criteria, the respondents were 

more likely to identify as a small WTP than a large WTP.  The respondent’s treatment capacity ranged from 

0.00 m3/s (0.02 mgd) to 3.9 m3/s (90 mgd) with an average of 0.332 m3/s (7.5 mgd).  In addition, most of the 

respondents, 58%, reported that their systems’ treatment capacity was less than 0.22 m3/s (5 mgd). 

The systems that used groundwater as their intake water source tended to have smaller systems capacities than 

did the plants using surface water.  However, the 0.04 to 0.22 m3/s (1 to 5 mgd) capacity was selected by the 

highest percentage of the surface water users.  Further, the system treatment capacities were found to be 

significantly different using FET for those that used groundwater as their intake source water than those that 

used surface water (p<0.05).  However, the type of surface water did not statistically influence the size of the 

WTPs (p>0.05).  For the surface water users, respondents at plants that used river/stream as their intake water 

reported that capacities were evenly split between <0.22 m3/s (5 mgd) and the higher capacities.  This differed 

from the lake/reservoir users that showed that 29% had the lower capacity and 71% had higher capacities.  The 

FET analysis results for the analysis presented in the text are presented in Appendix C (Table A-1). 

2.3.2.2 Number of Persons Served 

With respect to the number of persons served, the USEPA defines a small community water system (CWS) as 

serving 10,000 persons or less (USEPA, 2009).  CWSs are a subcategory of PWSs and serve the same 

population year-round (USEPA, 2024b).  This definition of small systems was applied to the WTP operator 

responses.  Based upon this definition, the utilities represented in the survey responses were split almost evenly 

between small or large systems with slightly more small systems represented (52% small and 48% large). 

The WTPs that used groundwater as their intake water source tended to serve fewer persons as did the systems 

that used surface water as shown in Figure 3.  The difference was determined to be significant using FET 

(p<0.05).  The number of persons served by the two types of surface water users were approximately the same 

with respect to the definitions as shown in Figure 4. The FET analysis results indicated that the type of surface 

water did not significantly influence this characteristic (p>0.05). 
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Figure 3.  Number of persons served, stratified by size and intake water source (%). 

 
 

 

Figure 4.  Number of persons served, stratified by size and surface water intake sources (%). 

 
 

2.3.2.3 Implications of WTP Characterization 

The current study of TN WTP operators provided representation from a different respondent pool than the two 

AWWA survey (Omur-Ozbek, 2012; Suffet et al., 1996).  The current study population represented smaller 

WTPs based on both treatment plant capacity and number of persons served.  Therefore, current survey 

respondent population would be expected to represent more rural communities than the previous studies, in 

which human and budgetary resources would also be expected to be limited in comparison to the previous 

survey participants and possible be reflected in the responses to the survey. This is further reflected when 

considering the broad geographic distribution of the responses in a predominantly rural state (Figure 1). 

With respect to the intake source for the respondents’ WTPs, the current survey represented a different portion 

of groundwater use as their intake water.  Suffet et al. (1996) reported that 20% of the respondents used 
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groundwater only and Omur-Ozbek (2012) reported that 28% of the respondents used groundwater which are  

lower percentage than the groundwater use reported in the current survey (41%).  The percentage of surface 

water users was similar.  The current survey had no respondent facilities that served as only water distribution 

systems that purchase water from other plants (noted in Section 2.3.2.1.1) which differed from the Suffet et al. 

(1996) survey.  The purpose of the current study was to learn about facilities with treatment processes; 

therefore, any respondents that identified as solely as distribution facilities would have been removed if they 

had not self-selected to opt out from this survey because they did not engage in treatment processes.  Since 

T&Os are related to the ecological system of the water body serving as the intake water to the PWSs, the overall 

perspectives of the current survey respondents may differ from the previous surveys.  Suffet et al. (1996) 

presented stratified results by intake water source for several of the survey questions, but statistical analysis 

was not conducted.  Intake water was not evaluated as an influence in the Omur-Ozbek (2012) study. 

The size of the respondent WTPs was found to significantly differ depending on the intake water source.  The 

WTPs that used groundwater were significantly smaller than the plants that used surface water as their intake 

water source.  For surface water users, the size of the WTPs did not differ based on using either river/stream or 

lake/reservoir.  As a result, when stratification indicates, either by percentage or statistical analysis, that the 

responses were influenced by the intake source water type, they may also be influenced by the respondents’ 

WTP size. 

 
 

2.3.3 Presence and Types of T&Os 

The WTP operators were asked to select the T&Os they were aware of at their plant from lists that were 

developed from the Suffet et al. (1996) study and discussions with WTP operators.  A significant portion of 

respondents selected “not applicable.”  For the other options, each of the tastes and all but one odor (petroleum) 

were selected by at least one respondent.  The most common T&O selected was chlorine/chlorinous (37% 

tastes, 35% odors).  The prevalence of this T&O was not surprising because of the common use of chlorine for 

disinfection.  The next commonly selected T&Os were musty (20% tastes, 23% odors) and earthy (23% odors). 

These two T&Os have been reported to be seasonal, unpleasant, and of microbial origin (Hobson et al., 2010; 

Suffet et al., 1996). 

The type of intake water source significantly influenced three of the taste selections (p<0.05): organic and 

musty were selected only by surface water users and “not applicable” was selected most often by groundwater 

users.  On the other hand, the type of intake water source significantly influenced three of the odors that were 

selected (p<0.05):  musty was only selected by surface water users, earthy was selected primarily by surface 
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water users, and “not applicable” was selected primarily by groundwater users.  Chlorine/chlorinous was the 

most selected T&O by both source water users.  However, the FET analysis indicated that there was not a 

significant difference between the source water types (p>0.05).  Other T&Os such as the tastes metallic, bitter, 

and sour and the odors fishy, grassy, and sulfide/sulfurous, were selected at a low percentage overall.  However, 

any differences between the source water types were found to be insignificant (p>0.05). 

The tastes were reported as being similar for the two surface water types and any differences were found to be 

statistically insignificant (p>0.05).  However, the odors were reported differently by the river/stream users and 

the lake/reservoir users.  First, musty, fishy, and “not applicable” were reported at a higher percentage by the 

lake/reservoir users.  Earthy, chlorinous, grassy, swampy, septic, sulfur/sulfurous, medicinal, and chemical 

were reported at a higher percentage by the river/stream users. Several of the odors were not reported at all by 

the lake/reservoir users.  The differences were not found to be statistically significant (p>0.05), except for 

chlorinous.  The chlorinous odor was reported by 48% of the river/stream users and 7% of the lake/reservoir 

users.   

The two primary selections of T&O observed at the respondents’ WTPs, chlorine and seasonal microbial-based 

musty and earthy, have different origins and the impact of changing weather will be different.  The chlorine 

T&Os are due to the disinfection treatment process. A residual of chlorine at the tap is regulatorily required in 

the U.S. to maintain the safety of the drinking water for customers.  Increasing water temperatures are expected 

to alter the use of chlorine for disinfection because of the physical/chemical aspects of the treatment (contact 

time during treatment and chlorine residual decay), levels of treatment because of intake water quality (presence 

of organic compounds), and pathogen presence (species present and removal efficiency) (White, 1999).  

Moreover, chlorine disinfection is further complicated by the presence of hazardous disinfection by-products 

(DBPs) that are also expected to increase with increasing temperatures (Valdivia-Garcia et al., 2019).  

However, the low level of reporting of the chlorinous odor by respondents that used the surface water 

lake/reservoir and the statistically significant difference from the river/stream results was not expected.  Given 

the regulatory requirements for disinfection, the difference may be attributed to the disinfection processes used 

by the different WTPs.  

In contrast, the seasonal microbial based T&Os are due, primarily, to the growth of cyanobacteria in the intake 

source water.  The T&Os can also be present throughout the plant and distribution system (Zhou et al., 2017).  

In particular, the increasing temperatures in surface water are expected to result in higher levels of the 

cyanobacteria and T&Os at the intake which will result in increases at the WTP and through the distribution 

system. The issue of the chlorine/chlorinous T&O may also increase with increasing temperatures and it will 
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be a concern for both groundwater and surface water WTPs.  The WTPs will need to continually adapt to the 

changing temperatures predicted to occur due to climate change and impacts at their plant to meet the regulatory 

requirements associated with chlorine disinfection as well as meeting customer expectations for the quality of 

their drinking water associated with T&Os. 

The T&Os reported by the respondents for this study were similar to those in the two AWWA surveys in that 

the chlorinous, musty, and earthy were selected at as most prevalent or very common (Omur-Ozbek, 2012; 

Suffet et al., 1996).  Suffet et al. (1996) presented trends associated with three source water types, groundwater, 

mixed groundwater and surface water, and surface water.  However, the results were not statistically analyzed 

for significance.  The statistical analysis conducted as part of this survey showed that although trends were 

seen, the T&Os that appeared to be selected due to the intake source were not always statistically significant.  

For example, sulfide/sulfurous is a T&O associated with groundwater that was selected by a higher percent of 

groundwater users than surface water users in both the current and the 1989 survey, but the statistical analysis 

of the current survey data found that the differences were insignificant. 

 
 

2.4 WTP Operator Perspectives 
 
 

2.4.1 Importance of T&O Events 

The respondents’ perspective on the importance of T&O events was determined by two questions on the 

frequency of T&O events and their level of concern.  According to the respondents, T&Os were not a common 

event with most WTP operators reporting that they never occurred or occurred infrequently (over 90% of the 

respondents).   

Although not occurring often, T&O events were reported to occur most often at the WTPs using surface water.  

The respondents from WTPs that used groundwater as their intake source reported that taste events occurred 

never or infrequently (100%).  Surface water users reported “infrequently” the most often (71%) but also 

reported never (22%), frequently (5%) and all the time (2%).  The responses were found to be significantly 

different (p<0.05).  The respondents reported similar frequencies for odors with the addition of a low percentage 

of groundwater users reporting that odor events occurred frequently (3%).  The difference in the occurrence of 

odor events was statistically significant based on the intake water type (p<0.05).  For the surface water users, 

although the river/stream users reported at a higher percentage than the lake/reservoir users that T&O never 

occurred, only river/stream users reported, at low levels, that they occurred frequently or all the time. The FET 

analysis indicated, however, that the differences were not statistically significant (p>0.05). 
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The respondents were asked to provide their view on their level of concern about T&Os by using a sliding 

scale, where 0 was minor and 100 was serious.  Overwhelmingly, the respondents reported that they had a low 

level of concern about T&Os at their WTPs as shown in Figure 5.  The level of concern was similar for the two 

types of source water users.  Although surface water users reported that their level of concern was higher than 

the groundwater users (Figure 6), the levels were not statistically significant by the intake water type (p>0.05).  

In addition, only the river/stream users reported that their concern level was at the highest level of 81 to 100 as 

shown in Figure 7.  The lake/reservoir users reported a higher percentage at the next level of 61 to 80.  However, 

the difference in the two surface water intake sources was also determined to be insignificant (p>0.05). 

 
 

 

Figure 5.  The respondents reported their level of concern about T&Os (%). 

 
 

 

Figure 6.  Level of concern stratified by intake water source (%). 
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Figure 7.  Level of concern stratified by type of surface water intake water source (%). 

 
 

The results for both the frequency of the T&O events and the level of concern were surprising because the 

literature and anecdotal evidence indicate that WTP operators have concerns about the frequency and intensity 

of the T&O events they are experiencing due to climate change and other causes, such as land use changes, 

that have had an impact on their WTPs.  The low level of concern may be due to several reasons in addition to 

the low level of frequency of T&Os that were reported. The respondent WTP operators may have placed a 

lower priority on managing T&Os because they are not health-related concerns and this was then reflected in 

their low level of concern.  Further, the presence of T&Os may be concentrated in a few of the respondent 

WTPs and, possibly, larger WTPs that use surface water as their intake source water.  Also, since the most 

reported T&Os were chlorine/chlorinous, the WTP operator respondents may believe that it is not a concern 

because of the requirement to have a chlorine residual at the tap.  Another aspect could be that s the WTP 

operators trust that their systems will continue to handle a wide range of conditions because the WTPs have 

been over-built with design safety factors.   

Nonetheless, the overall results were  consistent with the findings of Suffet et al. (1996) in which a majority of 

the respondents (51%) considered T&Os a minor concern and Omur-Ozbek. (2012) in which 56% of the 

respondents reported that they did not have T&Os.  However, Suffet et al. (1996) reported that only 

groundwater users reported that the severity of T&O events were serious (3%) which differed from the current 

survey in which both groundwater and surface water users reported at low levels that the events were serious 

(4% groundwater and 5% surface water).  Given the low percentages of the responses at the serious level of 

concern, it appears that the current survey’s results are similar regarding the intake water type to the Suffet et 

al. (1996) findings. 
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2.4.2 Changes Over Time 

The TN respondents reported that, overall, they had not observed changes that would indicate that the weather 

had changed in their area or had an impact on T&O management as shown in Appendix C (Tables A-2 and A-

3).  Although some of the respondents reported that they have observed weather impacts (34% agreed) and that 

weather changes intake water quality (49% agreed), the responses to the questions related to intake water 

quality, treatment processes, and T&O events were mostly negative.   

Due to the high selection of “not applicable,” the stratification results were not analyzed using the FET.  The 

groundwater users tended to report low or no agreement with the statements on changes in weather, intake 

quality, and T&O treatment.  The surface water users strongly agreed that their intake water changes with the 

weather (82%).  They also tended to agree that the weather has been changing (49%) and the quality of their 

intake water has been changing over time (26%) in comparison to the groundwater users.  However, the 

respondents’ perspectives on changes occurring with respect to T&O treatment were low for both intake water 

sources although groundwater users tended to be more negative than the surface water users.  The agreement 

with the statements by the two types of surface water users were similar except that river/stream users agreed 

at a higher percentage that the weather, quality of their intake water, and their treatment efficiency had changed.  

In contrast, the users of lake/reservoir source water agreed at a higher percentage that T&O events have started 

earlier in the year. 

 Overall, the WTP operators using surface water appeared to notice changes in the weather and its impact on 

the intake water and treatment.  These perspectives are consistent with the prevalence of the cyanobacterial-

produced T&O reported by the surface water users because of the impacts weather conditions can have on their 

occurrence. Further, the responses of the two surface water types differed on several of the statements, but 

overall, the responses showed that they had experienced changes in their source water and T&O management 

over time. The results are similar to the 2012 AWWA survey finding on T&O event trends where the 

respondents that reported that they had T&O issues also indicated that they had “an increasing trend in T&O 

episodes” (Omur-Ozbek, 2012).   The respondents in the current survey reported that the current level of 

treatment was sufficient to manage the T&O events that they experience.  Contrary to the finding of the Omur-

Ozbek (2012) study, the TN respondents reported that their WTPs had not undergone upgrades to improve 

T&O response (added treatment processes, improved treatment processes, or changed to a new intake source 

water, for example).  These observations could explain the low level of concern and, also, serve as an 

impediment to planning efforts as temperatures continue to rise and other climate change effects occur, such 

as droughts, floods, extreme weather events, and more frequent and intense fires that can also impact source 

waters. 
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2.4.3 Improvements 

The respondents were given the opportunity to provide additional insight into their current experience and 

projections for the future with respect to responding to T&Os through their choice of improvements they would 

like to make to their programs.  A list of methods for improving management of T&O events was provided to 

the respondents (Appendix B, Figure A-10), along with the option to suggest other ideas not found on the list.  

The other options listed by the respondents included identifying the organism(s) causing the T&O event, 

specific treatment processes (GAC and copper sulfate for “algal control”), and specific monitoring 

methods/procedures (monitoring earlier in the treatment process, monitoring for TOC, and procedures for the 

response).  A majority of the respondents selected “not applicable” (52%).  Of the improvements provided, the 

responses ranges from 5% for a model to 12% for in-line monitoring, new treatment methods, and improved 

predictions for chemical usage.  Operational procedures and improved predictions for T&O event occurrence 

were selected by the same percent of the respondents at 10.5%.    

The respondents that identified their intake water source as groundwater selected the improvement options at 

a lower percentage than the surface water users or not at all, except for “not applicable.”  The groundwater 

users did not select the model, predictions for T&O event period, in-line monitoring, or other options.  Further, 

the FET analysis results indicated that the two predictions tools, in-line monitoring and “not applicable” options 

were statistically significant (p<0.05).  For the two types of surface water sources, lake/reservoir users selected 

the model option (7.1%) at a slightly higher percentage than the river/stream users (6.5%).  The rest of the 

options were selected at a higher percentage by the river/stream users.  However, the statistical analysis showed 

that the differences were not significant (p>0.05).  

These results are consistent with the results that show that there was a low level of concern about T&Os and 

that treatment changes over time had not been observed.  Further, the lack of expressing a need for treatment 

methods could point to the belief that the WTPs were designed to be both robust and adaptable to fluctuations 

in daily intake water quality.  Three options - in-line monitoring of the source water, improved prediction 

methods for chemical usage and timing of events, and development of a model - were selected at a low rate 

indicating that the respondents did not see a need to develop warning systems or improve their plant operations.  

The stratified results showed that the respondents from WTPs that used surface water, and in particular, the 

systems that used river/stream as their source water, were more likely to choose an improvement option.  The 

influence of the source water type on the selections was only statistically significant for surface water users’ 

selection of predictions of T&O event occurrence, prediction of chemical usage, and in-line monitoring of the 
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source water.  These WTPs tended to experience the seasonal microbial T&Os, musty and earthy.  In addition, 

the “other” types of improvements tended to be related to the seasonal microbial-based T&Os.  Overall, the 

low interest in the need to develop operational procedures to better manage T&O events could mean that 

operators think operator and management experience is sufficient to respond to T&O events and they trust their 

treatment system to be insensitive to or somewhat unaffected by T&O events.  However, a small percentage of 

the respondents from WTPs that use surface water felt that improvements were needed for the T&O events, 

seasonal and microbial-based, that tended to occur at their systems. 

 
 

2.4.4 Planning for T&Os 

 Planning is a key component of preparing for the expected changes in weather that are currently occurring and 

will continue to occur, resulting in changes in T&O experienced at the WTPs.  Several statements were 

presented to the respondents which addressed T&O management and planning directly or indirectly, providing 

information on perspectives that may shape the potential for planning.   In response to the direct question, “Has 

your utility included planning for future taste and odor treatment and abatement in your management plan,” the 

respondents reported that, for the most part, planning activities had not occurred at the facilities (Figure 8). 

 
 

 

Figure 8.  The respondents reported whether T&O planning was included in their management plan (%). 
 
 

Although the percentage of respondents that reported that planning for future T&O events was low, 

groundwater users responded at a lower percentage than the surface water users (Figure 9).  The responses for 

the two surface water types were similar, but “not sure” was only selected by river/stream users (Figure 10).  

Statistical analysis was not performed to determine if the differences were significant. 
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Figure 9.  Planning for the future stratified by the intake water source (%). 

 
 

 

Figure 10.  Planning for the future stratified by surface water intake source (%). 

 
 

Indirect questions investigated the operators’ perspectives on the future, providing potential causes for planning 

to occur or not occur at the utilities.  The respondents reported that they were not concerned about future supply 

chain issues for treatment chemicals (10% Yes, 90% No).  Although the response was low overall, a higher 

percentage of groundwater users reported that they had concerns about the supply chain in the future than did 

the surface water users (14% groundwater, 8% surface water).  The respondents from WTPs that used surface 

water as their intake water did not appear to differ in their concern about future supply chains based on using 

river/stream or lake/reservoir.  Statistical analysis was not performed to determine if the difference was 

significant. 

Also, the respondents did not expect problems with T&O treatment in the future. A large portion of the 

respondents selected “not sure” (29%).  None of the respondents at WTPs that used groundwater as their intake 

water source agreed, but 16% of the surface water users agreed. The selection of “not sure” was the same for 
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both intake source types.  Moreover, the stratified surface water users’ responses indicated that only the 

river/stream users were concerned about the future treatment of T&Os (21%), as well as reporting that the 

concern was “not applicable.”  However, the percentage of the two types of surface water users that selected 

“not sure” was about the same.   Statistical analysis was not performed to determine if the differences were 

significant. 

The lack of planning reflected the low level of concern about T&Os expressed by the respondents.  However, 

the stratification of the results by the source water type revealed that if planning was being conducted and if 

there were concerns about treatment in the future, it was predominantly by respondents from WTPs that used 

river/stream as their intake water source.  In contrast, if WTP operators reported concerns about future supply 

chains of chemicals and materials, the WTP used groundwater.  Also, there was a high percentage of facilities 

using all of the source water types that were not sure if there would be problems with treating T&O in the 

future.  Unfortunately, it appears that the WTP operator respondents are not considering risks posed by climate 

change and will likely not have methods in place to adapt to the predicted changes if they do not participate in 

the planning process.   

 
 

2.4.5 Role of Experience in Management Decisions 

During conversations with WTP operators, it was often conveyed that experience is the key parameter in 

knowing how well a facility will respond to T&O events.  The survey included a statement to determine the 

respondents’ perspective about experience and the role of science in their response to T&O events: “Experience 

is most important in responding to taste and odor events, which is more an art than a science.”  A large portion 

of the respondents agreed with the statement in comparison to those that disagreed, were “not sure,” or “not 

applicable,” as shown in Figure 11.  

 
 

 

Figure 11.  The responses to the statement on experience, art, and science (%). 
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The percentage of groundwater users that agreed with the statement was lower than the surface water users as 

shown in Figure 12.  The groundwater users selected “not sure” and “not applicable” at higher levels than the 

surface water users which may be due to the lack of need to treat some groundwaters, but the percentage of 

“False” selections was lower.  The respondents from WTPs that used either of the source waters were also 

found to select “not sure” at a percentage that may have indicated that many of the WTP operators did not 

understand how decisions were made to respond to T&O events at their facilities.  For the surface water users, 

the respondents from WTPs that used river/stream tended to agree with the statement more than the 

lake/reservoir as shown in Figure 13.  However, the lake/reservoir users tended to select “not sure” and “not 

applicable” at a higher percentage than the river/stream users.  Statistical analysis was not performed to 

determine if the differences were significant.   

 
 

 

Figure 12.  Experience, art, and science responses stratified by intake water source (%). 

 
 

 

Figure 13.  Experience, art, and science responses stratified by surface water intake source (%). 
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The ramifications of this belief could be widespread in the operation of WTPs and could help explain many of 

the findings in the literature about the lack of planning, predictions, and management plans to respond to 

predicted climate impacts at WTPs.  In addition, the perspective was prevalent regardless of the type of source 

water used at the WTPs, although many of the respondents selected “not sure.”  A reliance on experience could 

indicate a concurrent belief that predictive, analytical tools are not needed.  Moreover, it could also indicate 

that a WTP has sufficient capacity and, importantly, WTP operators were trusted to be able to respond to any 

event.  However, according to O’Connor et al. (1999), planning for climate change impacts tended to be 

performed by managers categorized as more experienced and full-time in comparison to those categorized as 

less experienced and part-time employees.  This issue points to the complexities of understanding the utilities’ 

decision-making process, such as why prediction tools are used or not and why planning is performed versus 

not.  

 
 

2.5 Limitations 

An online survey was used for this study to collect information from TN WTP operators.  The data discussed 

in this research provided a snapshot of respondent perspectives which may not be representative of the general 

population of WTP operators.  A limitation of the study is that the respondents were not asked for their title, 

such as Operator or Manager, or information about their job experience or training.  Thus, quantitative 

experience data were not available for analysis of the findings on the role of experience in responding to T&O 

events.  Another consideration is that the study did not include follow-up interviews to clarify nuances in the 

responses.  The prevalence of the “not applicable” is of particular interest because the intent of the respondents 

is not known.  It was expected that distribution-only facilities would select this answer, but this group did not 

respond to the survey.  An analysis showed that groundwater intake users tended to select this option the most 

often, but the intake source may not fully explain the high level of “not applicable” responses unless those 

selecting it were not required to treat the water prior to distribution.  Further, it was deemed prudent to not 

conduct statistical analysis of the influences on the responses due to intake water source on 

questions/statements that included the “not applicable” response options without an understanding of the 

definition/interpretation used by the respondents.  In addition, the results for these questions were often highly 

skewed to the negative and “not applicable” responses, with small sample numbers for the positive responses. 

 
 

2.6 Conclusions 

This study continues the investigation of T&O management and planning for the future, including predicted 

changes in weather that are expected to increase T&O event frequency and magnitude at WTPs.  The findings 
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of this study add to the knowledge on WTP operations by providing new information on WTP operator 

perspectives that can facilitate preparation for the future.  Inclusion of the intake water source in this survey 

continues the work of Suffet et al. (1996) and O’Connor et al. (1999), broadening the understanding of the 

operations and management of WTPs by considering the ecological impacts (physical, chemical, and 

biological) of changes in weather and climate on the intake source water quality and the subsequent impact to 

the operation of the WTPs. 

Although size of the PWS was not investigated in prior studies, in the current survey of TN operators, the 

relationship of intake water source used and the size of the facilities were statistically significant with smaller 

WTPs primarily using groundwater and not experiencing the T&O issues.  Further research on the influence of 

WTP size on perspectives would add to the understanding of the operational resilience of their systems.  WTP 

size has been found influence compliance with monitoring and reporting compliance in the state of Virginia 

U.S. (Marcillo & Krometis, 2019) and water sector workforce capacity in the state of TN, U.S. (Paxton et al., 

2022) and could be an important condition in the analysis of WTP operators’ perspectives. 

Overall, the level of concern about T&Os was found to be low and the source water used by the respondent’s 

WTP did not statistically influence the response.  The similarity of the responses of the respondents from WTPs 

that use the two surface water types may be an indication that the two environments had the same impact on 

the T&O issues at these WTPs.  However, the similarity in the results may indicate that rivers and streams that 

are affected by dams exhibit lake/reservoir-like behavior.  This was noted by one respondent who stated that 

the river “will ‘turn over’ twice a year” which is a lake and reservoir characteristic.  Although the increasing 

surface water-related T&Os are a concern under future climatic changes, WTPs that use groundwater should 

not assume that they are exempt from climate change impacts including changes in T&Os. The limited 

statistical analysis that was conducted on the stratified results showed that some trends may not be significant.  

This indicates that additional work is needed to better understand the relationship between intake source water 

and perspectives of the WTP operators. 

The trends in the results, based on the percentage of responses, indicated that planning for the future was not 

being done.  Further, the TN respondents reportedly rely on the experience of the WTP operators to manage 

T&O events when they do occur and their perspective is that treatment of T&O is an art, not a science.  This 

belief may lead to other beliefs and actions, such as discounting the need to use data and evidence-based 

methods to evaluate and manage T&O events or utilize projections for future planning.  Regarding the 

resilience of the plants, the respondents to this survey appeared to have confidence that their plants are 
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adaptable and insensitive to source water quality changes.  These perspectives pose challenges to developing 

and implementing strategies to adapt to climate change impacts that are expected to occur. 

The decision-making and management activities at WTPs are complicated by the customers use of a non-health 

related parameter, T&Os, to judge the safety of the drinking water. These facilities face a challenge in meeting 

the human health requirements for the quality of the drinking water that they produce, as well as satisfying the 

perceptions of the customers about the quality of the drinking water.  The condition and quality of water sources 

utilized for drinking water in the future should be a consideration in the decision-making process and planning 

for the utilities to ensure that they can continue to provide safe, high-quality, and desirable drinking water to 

customers under the anticipated impacts associated with a changing climate.  
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CHAPTER 3 
 

 
Water Treatment Resilience: Simple Models to Predict PAC Usage and T&O Compounds 

 

 
3.1 Introduction 

Resiliency in the water sector is essential for the health and stability of every community.  Further a commitment 

to environmental justice means that the resilience of small and rural water utilities must be ensured.  To meet the 

goals of resilience (i.e., plan, mitigate, adapt, bounce back), it is important to plan for future climate change 

conditions.  The research to date has primarily addressed extreme weather events such as flooding, drought, 

severe storms, and fires that could have significant chronic or catastrophic impacts on infrastructure.  These 

studies are of course extremely important, but operation of infrastructure systems, such as WTPs, at the local 

and day-to-day operations levels is also important to a community’s well-being.  Therefore, a first attempt at 

modeling the relationships between treatment of T&Os, use of powdered activated carbon (PAC) for treatment, 

intake water temperature, and ambient air temperature for improved planning of municipal water treatment under 

a future climate is presented. 

 
 
3.1.1 Water Treatment of T&Os and PAC Usage 

Approximately 18% of the community water systems (CWSs) in the U.S. utilize surface water as their primary 

intake water source; however, 48% of the drinking water that is produced is derived from surface water (USEPA, 

2009).  According to the USEPA, surface water includes rivers and streams, lakes and reservoirs, and 

groundwater under the direct influence of surface water (GWUDI).  In drinking water treatment, efforts are made 

to remove both unhealthy and undesirable compounds that are found in the source water and deliver water that 

is not only safe to drink but desirable to the public.  Two of the primary objectionable T&O compounds that 

operators of WTPs using surface water as their intake source must try to alleviate in the treatment process are 

geosmin and 2-methylisoborneaol (MIB).  These two compounds are the cause of the seasonal musty and earthy 

T&Os experienced by many WTPs each year.  The threshold odor number for each compound is low: 1 ng/L for 

geosmin and 29 ng/L for MIB (Wnorowski, 1992).  They are produced primarily by cyanobacteria found in 

surface waters but other microorganisms such as actinobacteria have also been found to produce these 

compounds (Xia et al., 2020; Zhang et al., 2024).  As a result of the increase in ambient air and waterbody 

temperatures, cyanobacterial growth has been increasing (Delpla et al., 2009; Paerl & Paul, 2012).  Also, it is 

thought that rising temperatures and the earlier seasonal onset of warm temperatures in the year have led to the 

spread of cyanobacteria species (Delpla et al., 2009). 
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The changes to the aquatic environment, such as water temperature, light intensity, hydrologic conditions, and 

the presence of other aquatic microorganisms (Li et al., 2012; Xia et al., 2020) are expected to impact the 

presence of the T&O compounds produced by the cyanobacteria and their treatment at the WTPs.  Geosmin and 

MIB are organic compounds that are often removed from the intake water using PAC.  The use of PAC is 

reported to be a reasonably affordable method that is effective and can be applied as needed (Cook et al., 2001; 

Huang et al., 2019).  Due to its advantages, PAC is a common method of treatment to remove T&O compounds. 

Due to anticipated increase in surface water temperatures and, in turn, growth of cyanobacteria that produce 

T&O compounds, climate change is expected to increase the need for PAC to treat higher concentrations of T&O 

compounds for a longer period each year; therefore, the annual costs of treatment would also increase.  WTPs 

will face the challenge of producing drinking water that meets both the aesthetic standards expected by their 

customers as well as the health and regulatory requirements that are in place (National Primary Drinking Water 

Regulations, 1975).  This will likely be compounded by other fiscal and operational challenges that WTP 

operators face on a regular basis. 

 
 
3.1.2 Modeling T&O Compounds and PAC Usage 

Much research has gone into developing models to predict the occurrence of T&Os in surface waters with 

several methods focused on attempting to predict the onset and level of seasonal T&Os events using source 

water quality variables.  Linear and nonlinear models, both simple and complex, have been developed to 

explain T&O presence using geosmin, MIB, or the surrogate threshold odor number (TON) as dependent 

variable and a variety of combinations of independent variables s (Smith et al., 2002; Westerhoff et al., 2005).  

These models were not focused on treating T&O compounds, but estimating the presence of T&O based upon 

biological processes, etc.  (Dzialowski et al., 2009; Parinet et al., 2010, 2013).   On the other hand, water 

temperature has been found to be significant or important in several studies using simple linear regression, 

multilinear regression, random forest, adaptive network-based fuzzy inference system (ANFIS) model that was 

combined with numerical water quality models and gradient boosting machine (GBM) models (Bruder et al., 

2014; Kehoe et al., 2015; Lin et al., 2002; Xia et al., 2020).  To date, there are no models that have been 

developed using ambient air temperature and the focus has not been on treatment processes linked to weather 

and/or climate. 

 
 
3.1.3 Preparing for the Future with Climate Change 

The World Climate Research Programmes’s (WCP) Coupled Model Intercomparison Project (CMIP) has 

provided climate change projections in terms of two variables: ambient air temperature and precipitation (IPCC, 
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2022).  Climate change is expected to alter surface water quality though increasing ambient air temperatures and 

changing precipitation patterns (Delpla et al., 2009).  Impacts of climate change on the quality of surface waters 

have been reported through observed increases in river temperatures (Kaushal et al., 2010) and more frequent 

and greater magnitude precipitation events (Ingram et al., 2013).  For water utilities to prepare for the future, 

models are needed that have been developed in terms of the two climate prediction variables so that predictions 

can be made for planning purposes. 

Previous studies on T&Os and climate change have not included predictions using climate change scenarios.  

Instead, the predictions reported in these studies have used model performance testing results.  However, the 

need to predict the changes that will occur under future climate change conditions has been recognized for 

another water treatment concern, the generation of DBP.   Delpla et al. (2016) used 17 existing models and 

three emissions scenarios for three future time periods as provided by the Third Generation Coupled Global 

Climate Model (CGCM3) to show that DBP would increase and that the results were dependent on the time of 

year.  Further, the change in THM formation at five WTPs in Scotland under climate change conditions has 

been investigated (Valdivia-Garcia et al., 2019).  As a result of an increase in water temperature due to 

projections of increases in ambient air temperature derived from the United Kingdom’s Adaptation Sub-

Committee, it was concluded that THM concentration will be expected to increase and requiring additional 

costs to maintain the quality of the drinking water.  Thes studies demonstrate the importance of predictions 

using climate change scenarios that can be used to prepare for future conditions. For water utilities to prepare 

for the future, models are needed that have been developed in terms of the two climate prediction variables so 

that predictions can be made for planning purposes.  Although a relationship can be derived between ambient 

air temperature and water temperature (Caissie, 2006), models and analytical processes are needed for water 

utilities to predict T&O compound occurrence using the climate change temperature variable.  

Although the previous research is important to understand the mechanism of T&O occurrence, most water 

utilities would not be able to provide the parameters or analysis capabilities needed for these models.  Regarding 

the issue of T&Os, development of simple models to predict geosmin occurrence was the goal of a study of three 

Quebec, Canada water intake sources (Parinet et al., 2013).  Linear and nonlinear models were evaluated, 

including multilinear regression, principal component analysis, and multi-layer perceptron, using up to 38 

variables.  Although the multilinear regression model did not have the best performance (R2 = 0.657 in 

comparison to a multi-layer perceptron model with an (R2 of 0.843), it was selected as the best model because 

of the simplicity of using four variables in comparison to ten variables by the WTPs.  Recognition of this is again 

found in the research on DBP formation.  Xu et al. (2022) found that, since the independent variables were few 
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and accessible in a study of water utilities in Tawain, the developed radial basis function artificial neural network 

model tools may be useful for the utilities.   

Another consideration of model use for planning is whether plant-specific models are needed or if template 

models could be used.  While modeling can help WTPs with estimates of occurrence of T&Os, developing site-

specific models for each WTP in the U.S., or beyond, would be a time consuming and expensive activity.  Thus, 

the only WTPs that might be able to prepare their systems would be those with adequate staff and resources.  

Meanwhile, Yates and Miller (2011) suggest that the assessment of climate change impacts on utilities should 

be site-specific because the needs and resources of utilities are site-specific.  In research conducted to model 

the relationships of THM production at two WTPs in Greece, it was suggested that the same model could be 

used at plants with similar weather conditions in Greece (Golfinopoulos et al., 1998; Golfinopoulos & 

Arhonditsis, 2002).  Further, Delpla et al. (2016) used a composite of results from existing models to evaluate 

the impact of climate change on DBP production.  Therefore, it may be possible and advantageous to develop 

models that can serve as templates for plants in close proximity with similar weather and climate conditions.  

In this study, an initial step toward planning for the impacts of climate change on water utilities was performed 

through a thorough analysis of two simple modeling methods.  The study included evaluation of model 

performance and potential for use in prediction PAC usage to treat seasonal T&O compounds.  Further, the 

presence of T&O compounds was evaluated.  Variables that are accessible to any water treatment utility in the 

U.S. that treats T&O compounds using PAC (i.e., amount of PAC used, ambient air temperature, and intake 

water temperature) were used to develop a model for planning for the future.  Also, T&O compound analytical 

data were used as dependent and independent variables to determine if these compounds would be necessary 

for plants to use models with these variables to plan for climate change impacts.  Two plants located in close 

proximity on the same river were evaluated to address whether there is a potential to develop models for a 

watershed or other regional area based on the findings of this best-case scenario for model synergy.  Simple 

models that utilize variables from climate change projections are needed, especially for small utilities since 

they are not equipped with the depth of knowledge resources and ability to adapt as larger facilities (Delpla et 

al., 2011). 

 
 
3.2 Methodology 

 
 

3.2.1 Study Location 

The study was performed using data from two WTPs located in Nashville, Tennessee, the Omohundro WTP 

and the KR Harrington WTP, as shown in Figure 14.  Both plants are operated by the Metropolitan Nashville 
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and Davidson County Water Servies Department (MWS).  The plants are upstream of downtown Nashville on 

the Cumberland River which is their intake water source.  The Omohundro WTP is located at approximately 

River mile 194 and KR Harrington WTP is located at approximately River Mile 206.  The intake water 

structures for both plants are in the segment of the river bounded by the Old Hickory Lock and Dam upstream 

and the Cheatham Lock and Dam downstream.  KR Harrington’s intake structure is upstream of the Stones 

River outflow into the Cumberland River, which includes discharge from the J. Percy Priest Reservoir.  In 

addition, there are other streams and water conveyances that discharge to the Cumberland River between the 

KR Harrington intake and the Omohundro intake.  As a result, the intake water to the plants may be different 

due to the geographic separation that allows for additional chemical, physical, and biological reactions and the 

additional water inputs that can impact water quality from one location to the next. 

 
 

 

Figure 14.  Study location. 

 
 

The two plants are regulated by the Tennessee Department of Environment and Conservation (TDEC), which 

reports to the U.S. Environmental Protection Agency (EPA) and are characterized as conventional WTPs 
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utilizing coagulation, flocculation, filtration, and disinfection processes.  The combined treatment capacity of 

the two plants is 681,374 m3/d (180 mgd).  The WTPs serve approximately 216,000 accounts in the 

metropolitan Nashville and Davidson County area ((Nashville MWS, 2023).  Although both are operated by 

MWS, it is possible that the plants manage T&O somewhat differently due to the difference in intake water 

quality and individual plant operations.  

 
 
3.2.2 Data Used in the Analysis 

The data utilized for the project spanned ten years from January 1, 2007 through December 31, 2016.  Daily 

minimum and maximum ambient air temperature data were accessed through the National Climatic Data Center 

for the Nashville International Airport location (National Oceanic and Atmospheric Administration, n.d.).  

Average air temperature was not used because it was not available for a large portion of the study period.  MWS 

provided daily intake water temperature and PAC usage data for the study period on electronic copies of their 

Monthly Operating Reports (MORs) that are submitted to TDEC (Nashville MWS, n.d.).  The MWS 

Laboratory provided an electronic version of T&O compound data.  The laboratory analyzed intake water 

samples of the two T&O compounds using the solid phase microextraction (SPME) methodology.  The 

detection limit for the method was 2 ng/L for both compounds. In addition to the two T&O compounds that 

were analyzed by MWS, a third T&O compound variable was created for the study representing the experience 

of T&Os by the consumer as a combination of the two compounds.  Therefore, a “combined” variable (M+G) 

was calculated as the sum of the two compound concentrations for use in the modeling to represent the 

consumer experience. 

 
 
3.2.3 Model Development 

Ambient air temperature is critical to the surface water chemical, physical, and biological processes and 

therefore, is expected to be an important indicator of T&O compound presence and PAC usage under climate 

change conditions.  Modeling cases were established to determine if PAC usage could be satisfactorily 

described by ambient air temperatures.  Additional model cases were established to develop alternative models 

should the initial case be insufficient.  The modeling cases used to determine T&O compound presence and 

PAC usage were the following. 
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1. T&O compounds (geosmin, MIB, M+G) ~ ambient air temperature (minimum and maximum) 

2. T&O compounds (geosmin, MIB, M+G) ~ intake water temperature 

3. PAC~ ambient air temperature (minimum, maximum) 

4. PAC ~ intake water temperature 

5. PAC ~ T&O compound (geosmin, MIB, M+G) 

The data preparation and modeling were conducted using Microsoft Office Excel ® or R, an open-source 

statistical environment (R Core Team, 2023). 

3.2.3.1 Simple Linear Regression 

Simple linear regression (SLR) is a data analytical tool that assumes that there is a linear relationship between 

the predictor variable (X) and the response or outcome (Y).  The model equation is shown below (Eqn. 1). 

 
𝑌𝑌 = 𝐵𝐵0 + 𝐵𝐵1 ∗ 𝑋𝑋      (1) 

 
         Where,  

Y = response 
B0 = Y intercept 
B1 = coefficient 
X = predictor 
 

A preliminary evaluation was conducted using residual plots, coefficient significance, coefficient of 

determination (R2), and adjusted R2 to determine if the data supported more rigorous analysis using SLR.  The 

analysis was run on a range of untransformed and transformed independent and dependent variables to 

determine if a model could be derived that met the performance criteria.  Eight transformations were used, 

resulting in 64 evaluations per model case. 

For the models that were found to be sufficient for further analysis, models were developed using the validation 

set approach.  Two hold-out types were used illustrating two different aspects of the data. For the first type, the 

data were split into the training and testing data sets based on the year (VS1).  The data set was split a training 

data set of eight years of data and testing data set of two years of data.  The two years that were randomly 

selected for the hold-out data set were 2008 and 2016.  This analysis would give an insight into whether the 

time period was important in the modeling development or the modeling was independent of the year.  In the 

second case, the training data set was comprised of randomly selected 80% of the data and the testing data set 

was comprised of randomly selected 20% of the data (VS2).  For this type, the determination of all the data 

regardless of the timing to model the response is evaluated.  The performance of these models would evaluate 

using the same criteria as used for the preliminary evaluation plus the model accuracy.  
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3.2.3.2 Logistic Regression 

Logistic regression can be used if the response variable is binary.  In the case of this study, response variables 

were continuous and were binned into binary classes for use in the model development.  The function is 

modeled utilizing the following equation, derive from the logistic function, in which the outcome, in terms of 

the log odds, is a linear function of the predictor, X (Eqn. 2).  As a result, increasing X by one unit increases 

the log odds by B1. 

 
𝐿𝐿𝐿𝐿𝐿𝐿 � 𝑃𝑃𝑃𝑃 (𝑌𝑌)

1−𝑃𝑃𝑃𝑃 (𝑌𝑌)
� = 𝐵𝐵0 + 𝐵𝐵1 ∗ 𝑋𝑋     (2) 

       Where, 
X = predictor 
Y= response 
Pr(Y) = probability of Y 
B0= intercept coefficient 
B1 = predictor variable coefficient 
 

A preliminary evaluation was conducted using the coefficient significance, confusion matrix, autocorrelation 

function (ACF), partial autocorrelation function (PACF), and ACF of the residual to determine if the data 

supported more rigorous analysis using logistic regression.  For the models that met the preliminary 

performance criteria, further evaluation would be performed using k-fold (k=10) cross validation resampling 

method as described above.  Also, the models would be evaluated using the coefficient significance, model 

accuracy, receiver operation characteristic (ROC)/area under the curve (AUC), and confusion matrix.  Finally, 

the models would be evaluated using the Akaike Information Criterion (AIC).  The AIC with the lowest value 

was determined to be the best model. 

 
 
3.2.4 Data Preparation for Modeling 

The plants monitored the intake water for the presence of T&O through observations and tracking weather, 

river conditions, and Percy Priest Reservoir conditions (for example, ambient air temperature, precipitation, 

water temperature, and river flow).  If the monitoring indicated that T&O compounds were present in the intake 

water, laboratory analysis of samples was conducted to confirm the compound levels.  Consequently, when it 

was the non-T&O portion of the year, blank cells were reported in the data provided by MWS.  Since the T&O 

compounds were determined to not be present by observation, these blank cells were assigned zero values.  

Further, during the period of the year when T&O compounds were expected, samples were collected once per 

week up to five times per week, depending on the expectation of the presence of T&O compounds and 

personnel schedules.  In this case, the blank cells were left blank since results were not available.  Data entries 

that were below detection limits were also considered zero values for this analysis.  Further, these modified 
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geosmin and MB results were summed to calculate M+G.  For PAC usage, the amount used was reported aa a 

blank cell on the MORs during a large portion of the year because PAC was not added to the intake water.  The 

blank cells were assigned zero values.  As a result, the data sets were zero-heavy.   

3.2.4.1 Simple Linear Regression 

Since SLR is not a useful method in the case of zero-heavy data sets, the data were further modified for use in 

the SLR modeling.  First, monthly averages were calculated for PAC, T&O compounds, ambient air 

temperatures, and intake temperature data.  Monthly averages were used to be consistent with the climate 

change projection data.  Then dependent variable zero-value monthly average and associated data were 

removed from the data set. 

During the August 2014 to April 2015 period, the data indicated that the plants were not collecting T&O 

compound results.  This period was removed from the data sets for both plants.  An additional modification 

was made to the KR Harrington data set.  In 2010, the Cumberland River flooded and the plant was shut down 

for the month of May.  Therefore, any data reported was removed from the data set due to this shutdown.  

However, the Omohundro Plant continued to operate during this period and the data set did not need this 

modification. 

3.2.4.2 Logistic Regression 

The same original data sets were used for the logistic regression modeling as the SLR.  However, logistic 

regression allows the use of zero-heavy data sets and, consequently the zero value monthly averages were not 

removed.  The dependent variable monthly average data were binned by classifying months as 0 for not used 

(PAC) or not present (T&O compounds) and 1 for used (PAC) or present (T&O compounds) for use as the 

response variable in logistic regression analysis. 

 
 
3.3 Results and Discussion 
 
 
3.3.1 Performance of SLR as a Modeling Method 

The monthly average data sets used in the SLR model development are summarized in Table 1.  An evaluation 

of the residual plots for both plants indicated that very few of the models, with untransformed and transformed 

dependent and independent variables, approached the criterion of random distribution for both the T&O 

compound presence cases and the PAC usage cases.  The best model for each case based on the residuals plot 

were selected for each plant and are summarized in Table 2 for the Omohundro WTP and Table 3 for the KR 

Harrington WTP.  None of the SLR models explained an acceptable amount of the variance for the model cases 

for either plant as indicated by the R2 values. The results of the log(1+PAC) ~ (minimum ambient air 
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temperature)^2 case are provided as representative of all the cases.  In Figure 15, the plot showed that the 

residuals were somewhat random, but tended to decrease as the independent variable, (minimum ambient air 

temperature)^2 increased.  The plot of the (minimum ambient air temperature)^2 ~ log(1+PAC) found in Figure 

16 showed that the variables have a positive relationship.  However, the R2 value was low at 0.12.  The 

preliminary evaluation showed that further analyses of the data using SLR was not warranted.  As a result, SLR 

would not be an acceptable modeling method to prepare for future climate change conditions (at least for the two 

WTPs considered). 

 
 

 

Table 1.  Summary of the monthly average data used in the SLR Modeling. 

 
 
 

Variable No. Minimum Maximum Average No. Minimum Maximum Average

PAC (mg/L) 56 0.51 29.65 9.68 58 0.15 30.26 9.32
MIB (ng/L) 56 0.17 48.52 4.98 58 0.12 83.92 5.79
Geosmin (ng/L) 56 0.12 21.78 3.89 58 0.11 13.11 4.16
M+G (ng/L) 56 0.29 52.23 8.87 58 0.24 88.37 9.86
Minimum Ambient Air T (⁰C) 56 0.82 24.01 16.37 58 0.82 24.01 16.24
Maximum Ambient Air T (⁰C) 56 11.18 37.03 28.36 58 11.18 37.03 28.19
Intake Water T (⁰C) 56 11.79 29.88 24.21 58 9.29 29.4 23.43

Omohundro WTP KR Harrington WTP



 

 

 
 
 
 

Transformation Coefficient Transformation Coefficient p
Case Y B0 X B1 SIG F R2 ADJ R2

MIB~Minimum Ambient Air T sqrt(Y) 1.386076 X^2 0.001927 0.038049 0.08 0.06
MIB~Maximum Ambient Air T NONE NONE NONE NONE NONE NONE NONE

Geosmin~Minimum Ambient Air T Y^0.3 0.748342 X^2 0.039697 1.413E-06 0.35 0.34
Geosmin~Maximum Ambient Air T Y^0.3 0.784319 X^2 0.000737 2.868E-05 0.28 0.27

M+G~Minimum Ambient Air T Y^0.3 1.409139 X^2 0.001331 0.0003332 0.21 0.20
M+G~Maximum Ambient Air T log(1+Y) 0.484407 X^2 0.000497 0.000521 0.20 0.19

MIB~Intake Water T log(1+Y) 0.192181 X^2 0.00075 0.0015436 0.17 0.16
Geosmin~Intake Water T Y^0.3 0.655791 X^2 0.001232 1.921E-06 0.35 0.33
M+G~Intake Water T log(1+Y) 0.316041 X^2 0.000966 2.671E-06 0.34 0.33

PAC~MIB log(1+Y) 0.704811 log(1+X) 0.352824 0.004973 0.14 0.12
PAC~Geosmin Y^0.3 1.462727 log(1+X) 0.653612 0.0030583 0.15 0.14
PAC~M+G 1/Y^0.3 0.856666 log(1+X) -0.312391 1.632E-05 0.29 0.28

PAC~Minimum Ambient Air T log(1+Y) 0.719287 X^2 0.00071 0.0080187 0.12 0.11
PAC~Maximum Ambient Air T 1/Y^0.3 0.772305 X^2 -0.000236 0.0051288 0.14 0.12

PAC~Intake Water T 1/Y^0.3 0.860817 X^2 -0.000473 0.0001147 0.24 0.23

Abbreviations: MIB = 2-methylisoborneol, M+G = combined MIB+geosmin, PAC = powdered activated carbon, T = temperature,
p/Sig F = p-value significance, R2 = coefficient of determination, ADJ R2 = adjusted coefficient of determination

Table 2.  Omohundro WTP preliminary SLR modeling results. 



 

 
 
 
 

 
 

Transformation Coefficient Transformation Coefficient p
Case Y B0 X B1 SIG F R2 ADJ R2

MIB~Minimum Ambient Air T log(1+Y) 0.447416642 X^2 0.000644119 0.039083195 0.07 0.06
MIB~Maximum Ambient Air T log(1+Y) 0.305428185 X^2 0.000404148 0.021193643 0.09 0.08

Geosmin~Minimum Ambient Air T log(1+Y) 0.299622256 X^2 0.001142784 2.15282E-08 0.43 0.42
Geosmin~Maximum Ambient Air T Y^0.3 0.683635611 X^2 0.000910987 1.34403E-08 0.44 0.43

M+G~Minimum Ambient Air T log(1+Y) 0.548497588 X^2 0.001206341 3.94127E-06 0.32 0.31
M+G~Maximum Ambient Air T 1/Y^0.3 0.35803762 X^2 0.981047249 4.21956E-07 0.37 0.36

MIB~Intake Water T log(1+Y) 0.052771159 X^2 0.001033429 4.09551E-05 0.26 0.25
Geosmin~Intake Water T Y^0.3 0.54106647 X^2 0.001576356 4.3472E-12 0.58 0.57
M+G~Intake Water T log(1+Y) 0.135469049 X^2 0.001360278 1.73562E-11 0.56 0.55

PAC~MIB Y^0.3 1.508284784 log(1+X) 1.508284784 0.004196874 0.14 0.12
PAC~Geosmin log(1+Y) 0.504307813 log(1+X) 0.625045245 5.32751E-05 0.25 0.24
PAC~M+G log(1+Y) 0.407272373 log(1+X) 0.547487581 1.05462E-05 0.30 0.28

PAC~Minimum Ambient Air T log(1+Y) 0.520972046 X^2 0.02356965 0.001514646 0.17 0.15
PAC~Maximum Ambient Air T log(1+Y) 0.492488907 X^2 0.00049868 0.001386848 0.17 0.15

PAC~Intake Water T log(1+Y) 0.389146144 X^2 0.000907533 8.08093E-05 0.24 0.23

Abbreviations: MIB = 2-methylisoborneol, M+G = combined MIB+geosmin, PAC = powdered activated carbon, T = temperature,
p/Sig F = p-value significance, R2 = coefficient of determination, ADJ R2 = adjusted coefficient of determination

Table 3.  KR Harrington WTP preliminary SLR modeling results. 
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Figure 15.  Omohundro WTP SLR residuals plot. 

 
 

 

Figure 16.  Omohundro WTP SLR plot. 

 
 
3.3.2 Performance of Logistic Regression as a Modeling Method 

The data sets used in the modeling are summarized in Table 4.  The preliminary evaluation showed that logistic 

regression could be an acceptable modeling method for the cases analyzed.  The coefficient p-values and 

confusion matrix met the performance criteria.  The visual inspection of the autocorrelation function (ACF) and 

partial autocorrelation function (PACF) plots indicated that the dependent variables showed seasonality and 

possible trending as shown in Figures 17 and 18 for the Omohundro WTP PAC data which are representative of 

all the dependent variables.  The corresponding ACF plot for the residuals for the PAC ~ minimum ambient air 

temperature showed that the ACF values decreased from the ACF values for the dependent variable as illustrated 

in Figure 19, which is representative of all the model cases.  The decrease in the residual ACF indicated that at 

least some of the autocorrelation of the dependent variable data was removed and autocorrelation in the noise 

term remained.  Several of the cases still showed periodicity in the residual ACF or the values were only slightly 
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less than the dependent variable ACF.  The observations may indicate that not only are other factors influencing 

the outcome that are not included in the logistic regression analysis, but autocorrelation was not well-removed.  

The models developed are one-variable models and it is expected that other factors are not accounted for.  This 

is one limitation of the approach – other factors are not included; however, the intent was to determine if a 

parsimonious model could be used with consideration of data readily available to WTPs.  The Omohundro 

WTP’s geosmin ~ intake temperature and M+G ~ intake temperature; however, residual ACF plots dropped off 

rapidly and became random indicating that a larger portion of the dependent variable autocorrelation was 

removed by the logistic regression.  However, the preliminary models had good predictive accuracy and 

they are parsimonious models which means that modeling the autocorrelation was not needed.  Based 

on the preliminary evaluation results, each case underwent further analysis using the validation set approach. 

 
 

 

Table 4.  Summary of the monthly average data used in the logistic regression modeling. 

 
 
 

Variable n Minimum Maximum Average n Minimum Maximum Average
PAC (mg/L) 111 0.00 29.65 5.18 110 0.00 30.26 5.18
MIB (ng/L) 111 0.00 48.52 2.62 110 0.00 83.92 3.10
Geosmin (ng/L) 111 0.00 21.78 2.04 110 0.00 13.11 2.33
M+G (ng/L) 111 0.00 52.23 4.66 110 0.00 88.37 5.37
Minimum Ambient Air T (⁰C) 111 -6.22 24.01 10.25 110 -6.22 24.01 10.20
Maximum Ambient Air T (⁰C) 111 5.18 37.03 22.01 110 5.18 37.03 21.97
Intake Water T (⁰C) 111 6.58 29.88 18.57 110 6.40 29.40 17.85

Omohundro WTP KR Harrington WTP
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Figure 17.  Omohundro WTP ACF plot for PAC data. 

 
 

 

Figure 18.  Omohundro WTP PACF plot for PAC data. 
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Figure 19.  Omohundro WTP ACF plot for the PAC ~ minimum ambient air temperature residuals. 

 
 
3.3.2.1 T&O Compound Model Development 

The logistic regression model was found to adequately model the presence of geosmin, MIB, and M+G in terms 

of minimum and maximum ambient air temperatures using the two validation hold-out types based on the 

criteria, as shown in Tables 5 and 6 for the Omohundro WTP and Tables 7 and 8 for KR Harrington WTP.   

T&O compounds were reported as not being present for up to six months of the year and, therefore, zero values 

are prevalent in the data (zero-inflated data).  Although the confusion matrix’s correct prediction numbers were 

high, the positive predictive values (PPVs) and negative predictive values (NPVs) provide additional 

information on the ability of the model to correctly predict the results.  For these zero inflated data, the PPV is 

useful to determine if the model can categorize the non-zero data well.  For the Omohundro and KR Harrington 

T&O compound models, the PPVs and NPVs were high (approaching 1) indicating that both a positive result 

(compound is present) and negative result (compound is absent) had a high probability of being correct.  The 

ROC plots for the Omohundro WTP M+G ~ minimum ambient air temperature (VS1 and VS2) model cases 

are provided in Figures 20 and 21, and are representative of the T&O compound models.  The curves illustrate 
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that the models were accurate because the shape of the curve was steep near (0,0) and orient toward sensitivity 

equal to 1.  Overall, the results indicated a high degree of predictive performance for the T&O ~ ambient air 

temperature and intake temperature models. 

  



 

 
 
 
 
 
 
 

 
  

Table 5.  Omohundro WTP logistic regression modeling results (VS1). 



 

 
 
 
 
 
 
 

  

Confusion Matrix  
Case Coefficient p0 Coefficient p1 Model Prediction Prediction Model Predicted/Observed (Reference)

n B0 SE0 Sig Z B1 SE1 Sig Z Accuracy AUC Correct Incorrect Absent/Absent Present/Absent Absent/Present Present/Present PPV NPV AIC

MIB~Minimum Ambient Air  T 111/89/22 -2.23 0.55 0.0000416 0.29 0.06 0.0000003 0.83 0.90 0.82 0.18 8 2 2 10 0.8333 0.8000 68.55
MIB~Maximum Ambient Air T 111/89/22 -5.49 1.14 0.0000014 0.27 0.05 0.0000002 0.80 0.91 0.86 0.14 8 2 1 11 0.8462 0.8889 67.75

Geosmin~Minimum Ambient Air T 111/89/22 -2.77 0.65 0.0000183 0.34 0.07 0.0000006 0.86 0.93 0.82 0.18 8 2 2 10 0.8333 0.8000 59.79
Geosmin~Maximum Ambient Air T 111/89/22 -6.34 1.31 0.0000013 0.31 0.06 0.0000002 0.85 0.93 0.86 0.14 8 2 1 11 0.8462 0.8889 61.59

M+G~Minimum Ambient Air T 111/89/22 -2.16 0.55 0.0000968 0.32 0.06 0.0000008 0.82 0.92 0.95 0.05 8 1 0 13 0.9286 1.0000 63.01
M+G~Maximum Ambient Air T 111/89/22 -5.65 1.19 0.0000020 0.30 0.06 0.0000003 0.83 0.93 0.91 0.09 8 1 1 12 0.9231 0.8889 62.03

MIB~Intake Water T 111/89/22 -8.66 1.93 0.0000074 0.52 0.12 0.0000055 0.84 0.96 0.95 0.05 9 1 0 12 0.9231 1.0000 48.42
Geosmin~Intake Water T 111/89/22 -8.56 1.88 0.0000054 0.51 0.11 0.0000040 0.87 0.95 0.95 0.05 9 1 0 12 0.9231 1.0000 49.50
M+G~Intake Water T 111/89/22 -8.50 1.94 0.0000113 0.54 0.12 0.0000080 0.86 0.96 1.00 0.00 9 0 0 13 1.0000 1.0000 47.31

PAC~MIB 111/89/22 -0.77 0.32 0.0163100 1.35 0.41 0.0011400 0.78 0.85 0.82 0.18 8 0 4 10 1.0000 0.6667 75.49
PAC~Geosmin 111/89/22 -0.86 0.33 0.0083800 1.73 0.53 0.0010900 0.79 0.86 0.86 0.14 8 0 3 11 1.0000 0.7273 71.13
PAC~Combined 111/89/22 -1.09 0.35 0.0020900 0.87 0.25 0.0005650 0.82 0.87 0.86 0.14 8 0 3 11 1.0000 0.7273 65.14

PAC~Minimum Ambient Air T 111/89/22 -1.49 0.45 0.0008630 0.24 0.05 0.0000008 0.76 0.87 1.00 0.00 8 0 0 14 1.0000 1.0000 77.37
PAC~Maximum Ambient Air T 111/89/22 -3.85 0.88 0.0000118 0.21 0.04 0.0000005 0.77 0.87 1.00 0.00 8 0 0 14 1.0000 1.0000 79.63

PAC~Intake Water T 111/89/22 -6.10 1.31 0.0000032 0.40 0.08 0.0000012 0.80 0.93 0.95 0.05 8 0 1 13 1.0000 0.8889 61.10

Abbreviations: VS2= validation set training/testing data set 2, MIB = 2-methylisoborneol, M+G = combined MIB+geosmin, PAC = powdered activated carbon, T = temperature, 
n = number in terms of total/training dataset/testing dataset, p/Sig Z =p-value significance, AUC=ROC plot area under the curve
PPV = positive predictive value, NPV = negative prediction value, AIC = Akaike Information Criterion

Table 6.  Omohundro WTP logistic regression modeling results (VS2). 



 

 
 
 
 
 
 
 

Confusion Matrix
Case Coefficient p0 Coefficient p1 Model Prediction Prediction Model Predicted/Observed (Reference)

n B0 SE0 Sig Z B1 SE1 Sig Z Accuracy AUC Correct Incorrect Absent/Absent Present/Absent Absent/Present Present/Present PPV NPV AIC

MIB~Minimum Ambient Air T 110/86/24 -2.44 0.60 0.0000494 0.3136 0.0634 0.0000008 0.85 0.92 0.79 0.21 8 3 2 11 0.7857 0.8000 61.19
MIB~Maximum Ambient Air T 110/86/24 -6.02 1.28 0.0000024 0.3015 0.0596 0.0000004 0.81 0.94 0.79 0.21 8 3 2 11 0.7857 0.8000 59.96

Geosmin~Minimum Ambient Air T 110/86/24 -2.97 0.74 0.0000642 0.3995 0.0870 0.0000044 0.85 0.94 0.92 0.08 9 1 1 13 0.9286 0.9000 50.12
Geosmin~Ambient Maximum Air T 110/86/24 -7.37 1.61 0.0000049 0.3740 0.0778 0.0000015 0.85 0.95 0.88 0.13 8 2 1 13 0.8667 0.8889 49.03

M+G~Minimum Ambient Air T 110/86/24 -2.73 0.69 0.0000834 0.3857 0.0833 0.0000037 0.86 0.94 0.83 0.17 7 2 2 13 0.8667 0.7778 51.64
M+G~Maximum Ambient Air T 110/86/24 -6.88 1.50 0.0000044 0.3567 0.0735 0.0000012 0.84 0.95 0.88 0.13 7 2 1 14 0.8750 0.8750 50.91

MIB~Intake Water T 110/86/24 -9.44 2.31 0.0000442 0.6038 0.1464 0.0000372 0.86 0.97 0.88 0.13 9 2 1 12 0.8571 0.9000 39.79
Geosmin~Intake Water T 110/86/24 -12.77 3.73 0.0006290 0.8332 0.2422 0.0005800 0.90 0.98 0.92 0.08 9 1 1 13 0.9286 0.9000 30.68
M+G~Intake Water T 110/86/24 -12.19 3.50 0.0005020 0.8111 0.2308 0.0004400 0.90 0.98 0.96 0.04 9 0 1 14 1.0000 0.9000 31.36

PAC~MIB 110/86/24 -1.06 0.35 0.0025100 3.3141 1.1514 0.0040000 0.83 0.90 0.88 0.13 8 0 3 13 1.0000 0.7273 63.17
PAC~Geosmin 110/86/24 -1.19 0.37 0.0012300 2.3921 0.7462 0.0013500 0.84 0.90 0.88 0.13 8 0 3 13 1.0000 0.7273 60.19
PAC~M+G 110/86/24 -1.37 0.40 0.0005820 1.5942 0.5140 0.0019260 0.84 0.91 0.96 0.04 8 0 1 15 1.0000 0.8889 55.62

PAC~Ambient Minimum Air T 110/86/24 -1.99 0.54 0.0002100 0.2974 0.0610 0.0000011 0.83 0.91 0.79 0.21 6 2 3 13 0.8667 0.6667 63.44
PAC~Ambient Maximum Air T 110/86/24 -5.07 1.10 0.0000041 0.2711 0.0537 0.0000004 0.81 0.92 0.83 0.17 6 2 2 14 0.8750 0.7500 64.12

PAC~Intake Water T 110/86/24 -8.41 2.01 0.0000289 0.5704 0.1341 0.0000209 0.88 0.97 0.92 0.08 8 0 2 14 1.0000 0.8000 42.10

Abbreviations: VS1= validation set training/testing data set 1, MIB = 2-methylisoborneol, M+G = combined MIB+geosmin, PAC = powdered activated carbon, T = temperature, 
n = number in terms of total/training dataset/testing dataset, p/Sig Z =p-value significance, AUC=ROC plot area under the curve
PPV = positive predictive value, NPV = negative prediction value, AIC = Akaike Information Criterion

Table 7.  KR Harrington WTP logistic regression modeling results (VS1). 



 

 
 
 
 
 
 
 

Confusion Matrix  
Case Coefficient p0 Coefficient p1 Model Prediction Prediction Model predicted/Observed (Reference)

n B0 SE0 Sig Z B1 SE1 Sig Z Accuracy AUC Correct Incorrect Absent/Absent Present/Absent Absent/Present Present/Present PPV NPV AIC

MIB~Minimum Ambient Air  T 110/88/22 -2.63 0.61 0.0000147 0.3180 0.0633 0.0000005 0.82 0.93 0.82 0.18 5 2 2 13 0.8667 0.7143 62.97
MIB~Maximum Ambient Air T 110/88/22 -6.25 1.28 0.0000010 0.3035 0.0587 0.0000002 0.83 0.93 0.82 0.18 5 2 2 13 0.8667 0.7143 61.93

Geosmin~Minimum Ambient Air T 110/88/22 -3.43 0.83 0.0000372 0.4367 0.0975 0.0000075 0.88 0.95 0.86 0.14 5 1 2 14 0.9333 0.7143 48.71
Geosmin~Maximum Ambient Air T 110/88/22 -8.11 1.76 0.0000043 0.3991 0.0836 0.0000018 0.87 0.96 0.86 0.14 5 1 2 14 0.9333 0.7143 48.00

M+G~Minimum Ambient Air T 110/88/22 -2.95 0.72 0.0000456 0.4092 0.0890 0.0000043 0.85 0.94 0.86 0.14 5 1 2 14 0.9333 0.7143 51.80
M+G~Maximum Ambient Air T 110/88/22 -7.34 1.57 0.0000030 0.3754 0.0770 0.0000011 0.85 0.96 0.86 0.14 5 1 2 14 0.9333 0.7143 50.46

MIB~Intake Water T 110/88/22 -8.59 1.90 0.0000060 0.5336 0.1174 0.0000055 0.90 0.97 0.86 0.14 6 1 2 13 0.9286 0.7500 44.10
Geosmin~Intake Water T 110/88/22 -12.49 3.46 0.0003100 0.7961 0.2213 0.0003230 0.91 0.98 0.91 0.09 6 0 2 14 1.0000 0.7500 31.17
M+G~Intake Water T 110/88/22 -12.56 3.54 0.0003960 0.8323 0.2346 0.0003880 0.92 0.98 0.95 0.05 6 0 1 15 1.0000 0.8571 30.57

PAC~MIB 110/88/22 -1.17 0.35 0.0007950 3.2397 1.1269 0.0040410 0.84 0.89 0.82 0.18 5 0 4 13 1.0000 0.5556 63.70
PAC~Geosmin 110/88/22 -1.53 0.40 0.0001260 3.5538 1.1778 0.0025500 0.88 0.90 0.73 0.27 4 1 5 12 0.9231 0.4444 51.72
PAC~Combined 110/88/22 -1.66 0.43 0.0000987 2.0270 0.6750 0.0026700 0.88 0.92 0.82 0.18 4 1 3 14 0.9333 0.5714 50.10

PAC~Minimum Ambient Air T 110/88/22 -2.16 0.55 0.0000728 0.3130 0.0638 0.0000009 0.82 0.91 0.82 0.18 4 1 3 14 0.9333 0.5714 64.13
PAC~Maximum Ambient Air T 110/88/22 -5.32 1.11 0.0000016 0.2792 0.0541 0.0000002 0.83 0.92 0.82 0.18 4 1 3 14 0.9333 0.5714 65.35

PAC~Intake Water T 110/88/22 -8.20 1.86 0.0000103 0.5512 0.1243 0.0000093 0.90 0.96 0.82 0.18 4 1 3 14 0.9333 0.5714 44.08

Abbreviations: VS2= validation set training/testing data set 2, MIB = 2-methylisoborneol, M+G = combined MIB+geosmin, PAC = powdered activated carbon, T = temperature, 
n = number in terms of total/training dataset/testing dataset, p/Sig Z =p-value significance, AUC=ROC plot area under the curve
PPV = positive predictive value, NPV = negative prediction value, AIC = Akaike Information Criterion

Table 8.  KR Harrington WTP logistic regression modeling results (VS2). 
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Figure 20.  Omohundro WTP ROC plot for M+G ~ minimum ambient air temperature (VS1). 
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Figure 21.  Omohundro WTP ROC plot for M+G ~ minimum ambient air temperature (VS2). 

 
 

Intake water temperature has the most direct influence on the T&O compounds because of the many ways that 

water temperature shapes the surface water environment including concertation of oxygen and pH which 

impact the well-being of microorganisms.  The performance of the intake water temperature models was better 

than the ambient air temperature models, as shown by the performance criteria and the relationship of the AIC 

values.  However, for predicting change that may occur under climate change, intake water temperature models 

will not be useful because the CMIP climate change projections are provided as ambient air temperature and 

precipitation.  Although intake water temperature can be approximated from ambient air temperature (Caissie, 

2006), this additional step may add to the difficulty for practitioners to conduct the assessment needed to plan 

and prepare for climate change conditions.  Moreover, this step would be unnecessary since the models using 

ambient air temperatures performed well based on the performance criteria. 

3.3.2.2 PAC Usage Model Development 

Logistic regression was found to adequately model the usage of PAC as a function of minimum and maximum 

ambient air temperatures based on the criteria using the two cross-validation hold-out types, as shown in Tables 

5 and 6 for the Omohundro WTP and Tables 7 and 8 for the KR Harrington WTP. The PPV and NPV results 
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for the Omohundro WTP PAC ~ ambient air temperature models were high indicating that the ability of the 

models to predict both presence and absence of PAC usage/need had a high probability of being correct.  For 

the KR Harrington plant, the PPV results for the PAC~ ambient air temperature models were high but the NPV 

results are lower for the VS2 models.  The model categorized the result correctly at 55 to 57% except for the 

PAC ~ geosmin model which had an NPV of 44.44%.  This PAC ~ geosmin model had a high number of false 

negatives indicating geosmin was a poor indicator of use.  The PAC models using VS2 had NPVs that indicated 

that these models would be expected to under report PAC usage despite having favorable predication accuracies 

ranging from 0.81 to 0.88.   ROC plots are provided as Figures 22 and 23 for the PAC ~ minimum ambient air 

temperature (VS1 and VS2).  The plots are representative of all the PAC models.  The plots showed that the 

models were accurate.  Taking all of the criteria into account, logistic regression was found to adequately model 

the use of PAC as a function of intake temperature, geosmin, MIB, and M+G concentrations. The performance 

evaluation results indicated a high degree of predictive performance for the PAC models, although the KR 

Harrington PAC models using the VS2 hold out type may be found to under report the use of PAC. 

 
 

 

Figure 22.  Omohundro WTP ROC plot for PAC ~ minimum ambient air temperature (VS1). 
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Figure 23.  Omohundro WTP ROC plot for PAC ~ minimum ambient air temperature (VS2). 

 
 

The models using ambient air temperature as the independent variable were not always the best when compared 

to intake water temperature and T&O compounds model performance criteria, but the performance values were 

very good.  For the KR Harrington plant, the PPV results were high but the NPV results were lower for the 

VS2 models.  In particular, the PAC ~ geosmin model has a high number of false negatives indicating geosmin 

was a poor indicator of PAC use.  Further, considering intake water and T&O compounds as the independent 

variable, the available climate change projections are not provided in terms of these variables.  As with the 

T&O compound modeling as a function of intake water temperature, it would be possible to add a step to 

convert from ambient air temperature to intake water temperature.  However, this would add another step to 

the analytical process that could be a burden to the practitioner.  Therefore, for predicting changes that may 

occur under climate change, intake water temperature models and T&O compound models will not be useful.  

Logistic regression models of PAC usage as a function of ambient air temperature met the performance criteria 

and will be adequate for predicting future climate change impacts. 
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3.3.3 AIC and the M+G Variable 
 

3.3.3.1 M+G as the Dependent Variable 

The resulting AIC values for the models developed for T&O compounds as a function of ambient air 

temperature were mixed when looking at the two hold-out types (Tables 5-8).  Although the results were mixed, 

the results showed that combining the two T&O compound variables tended to have a positive effect on the 

performance. In addition to being useful for modeling the impact of climate change, this variable may be useful 

for water utilities to assess perceptions of the public when a T&O event occurs. 

3.3.3.2 M+G as the Independent Variable 

The logistic regression models developed for PAC usage as a function of T&O compounds were all improved 

by combining MIB and geosmin (Tables 5-8).  The AIC values for M+G models were all less than geosmin 

followed by MIB for both plants and both hold-out types. The PAC used is reflective of the T&O events 

experienced at the two plants and it is consistent that the M+G models performed the best. These models could 

contribute to climate change predictions and planning efforts for plants that have access to this data because 

they will provide an overall impact of the change in ambient air temperature that the WTPs will need to respond 

to.  

 
 

3.3.4 Comparison of the Two Validation Hold-Out Types 

The models using the two validation hold-out types, VS1 and VS2, all performed well even with important 

events occurring at the two plants (Tables 5-8). During the study period, the amount of PAC used increased 

from 2007-2010 to the amount used in 2011-2016. This occurred even though the presence of the T&O 

compounds tended to be the same or even decrease, except for 2011 in which the concentrations were high.  

MWS reported that, in 2011, changes occurred in how T&Os were managed. The management for both WTPs 

were given new criteria: treat the each of the T&O compounds to <2.0 ng/L which was a decrease from <4.0 

ng/L. As a result, PAC usage increased to meet the new criterion. With respect to VS1 models, the year 2008 

was before and 2016 was after the new PAC usage procedure was in place as reported by MWS personnel. This 

type of hold-out data set demonstrated that the models would perform well when predicting different years in 

which climate change temperatures are provided for the future. On the other hand, using VS2 provided insight 

into the overall ability of the models to predict outcomes for months in any year. . Regarding the PPV and NPV 

values, the Omohundro models had high or relatively high values for both VS1 and VS2. However, for the KR 

Harrington models, all of the VS1 NPVs were greater than the VS2 which were close to 50% for the PAC 

models. The higher level of false negatives indicates that the VS2 models would be expected to under report 

PAC usage.  The results indicated that the models are sufficiently flexible for future events given that the 
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models performed well for the events that occurred during the study period. Overall, the models using VS1 had 

lower AIC values for both plants, indicating that these models were the best. However, VS1 or VS2 models 

met the performance criteria and would be adequate to predict PAC usage or T&O compound presence under 

climate change conditions.  Further, the model results would be expected to be similar because the coefficients 

and model performance criteria were similar. 

 
 
3.3.5 Similarity of the WTP Models 

Since the plant data were similar for the two plants, it is not surprising that the developed models were similar 

as well. For example, the slope coefficients, B1, were in the same order of magnitude. For all the models, the 

standard error for the B1 coefficients (SE1) were approximately 20% to 30% of the coefficient value. The SE1 

values indicated that the spread of the models was similar. However, the Omohundro SE1 values were less than 

the KR Harrington values, except in the case of the PAC as a function of maximum temperature’s VS2 model.  

Except for this one case, the SE1 values indicated that there was less spread in the estimated B1 coefficients 

for the Omohundro Plant’s models than the KR Harrington models. Interestingly, the PAC models as a function 

of T&O compounds resulted in the higher SE1 values, in the 30% range for both plants using both VS hold-

out data sets, indicating a larger spread in the estimated B1 coefficients than the other PAC usage models.  

Regarding model performance, many of the confusion prediction accuracies were the same for the two plants’ 

VS1 models. Where there was a difference, the accuracies were close in value.  For the VS2 models, most of 

the Omohundro accuracies were higher than the KR Harington’s.  Although lower, the values were high enough 

to indicate that the predictions were accurate.  Further analysis of the PPVs showed that they were similar for 

the two plants, except the KR Harrington NPVs that were lower for the VS2 models.  In particular, the PAC 

model NPVs were low enough to indicate that these models had poor predictive ability for the negative results.  

Nonetheless, the e AIC values for the corresponding models for the two plants indicated that for equivalent 

models, the KR Harrington models were determined to be the best of the two plants based on the goodness of 

fit (parsimony was constant because one variable was used).  Overall, the models developed for the two plants 

were generally similar and would be expected to provide similar predictions for PAC usage and T&O 

compound presence using the climate change projections for ambient air temperature.  

 
 

3.4 Conclusions 
 
 

This study focused on attempting to model T&O compound presence and PAC usage outcomes as a first step 

toward developing adaptation strategies to respond to and plan for T&O events under future climate change 
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conditions. Logistic regression models were developed for T&O compound occurrence and PAC usage that 

met the performance criteria, .  The results showed that the two plants and the two validation hold out methods 

had similar results.  However, the KR Harrington PAC VS2 models performed well by the criteria except with 

respect to NPV.  The low values showed that there is a low probability that negative results (PAC is not used) 

were actually negative.  These models may under predict the need for PAC to be used, lowering the predicted 

impact of climate change.  The low NPVs found in the KR Harrington results demonstrates the limitation of 

using the validation set approach as opposed to other cross validation methods in which re-sampling would 

further test the model.  Also, the plants are reported to be operated in the same manner, but there may be 

unknown, small, or compounding differences that were present.  The data sets were different for the two plants 

because of the plant shutdown in May 2010 due to flooding of the KR Harrington WTP.  Since this impacted 

only one month, it is not expected that this was the cause of the difference in the NPVs.  Additional work is 

needed to determine if the low NPVs for these models are a symptom of an operational difference between the 

two plants or an artifact of the modeling process used in this project.  

It was also found that combining the two T&O compounds would improve the PAC usage model. This could 

be useful for plants that have compound analytical data since consumers would experience the combined 

T&Os when drinking the water. Even though the models using T&O compounds as dependent and independent 

variables performed well, they are not necessary for the purpose of this study which is to predict PAC usage 

since the PAC models also performed well. Access to T&O compound data is limited because of the equipment 

costs and personnel requirements to conduct the analyses.  Being able to conduct predictions and planning with 

PAC and ambient air temperature data will be important to these plants to prepare for climate change.     

The models developed for this study showed that it may be possible to model regions like a watershed or along 

a river. The modeling study presented and associated data represent a best-case scenario, though, because both 

WTPs examined are operated by the same agency, on the same river for their intake water, and their processes 

are similar. It could be useful to be able to model regions such as watersheds for use by water utilities or other 

governing bodies such as state or federal agencies to determine if there are concerns regarding the changes 

expected under climate change conditions.  More research is needed to fully understand if a watershed-based 

approach would hold.   
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However, there were a few problems with logistic regression. Quantitative values for PAC and T&O 

compounds were converted to qualitative outcome binary values, resulting in a loss of information on the 

amount present or used corresponding to the dependent variable. Further, the outcome is the log odds of the 

probability which is difficult to understand. The result can be converted to probability, but this is also difficult 

to understand. It will have to be determined how to use these results to help with planning. 

The project goal to demonstrate that simple, single independent variable models using a CMIP variable, 

ambient air temperature, could be developed was met.  Additional fine tuning of the models or development of 

additional models would improve the methodology to be able to predict the impact of the projected increases 

in the ambient air temperature on the need for PAC to treat the predicted increases in T&O compounds in the 

source waters used by WTPs.  Gathering this information would allow individual utilities to assess what their 

risk will be, and for government agencies to investigate potential issues on a regional level.  Over time, climate 

change research, planning, mitigation, and adaptation have improved and moved from the global to the national, 

regional, and city levels (Rosenzweig et al., 2010). It is important that the trend continue to local utilities and 

that they are active in planning and adapting to climate change. Moreover, environmental justice demands have 

led to the understanding that small and often rural communities have been overlooked as efforts have been put 

on large often urban areas of high population density. A coordinated effort to assist water utilities in planning 

and preparing for long-term treatment needs is recommended to provide safe and high-quality drinking water 

to communities as the climate changes. It is important that preparations be made proactively to maintain 

operation of WTPs because these facilities are critical to maintaining healthy communities. 
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CHAPTER 4 
 

 
WTP Resilience: A First Step to Quantify Potential Impacts of Climate Change 

on the Management of T&O Compounds in the Municipal Water Supply 
 

 
4.1 Introduction 

Changes in the climate are expected to challenge water utilities to produce safe, high quality drinking water.  

Management of drinking water quality includes management of the problematic unpleasant seasonal T&Os.  

However, as discussed in Chapter 2, water utilities in TN, and most likely elsewhere in the U.S., have not been 

preparing for climate change impacts on the intake source water quality and the resulting treatment of seasonal 

T&Os that can originate in the source water.  Adaptation options include increasing the chemical dosage and 

optimizing treatment processes (Staben et al., 2015).  The adaptation processes require that planning be 

performed to design, budget, and construct the improvements needed.  On a higher level, increasing treatment 

either by increasing chemical usage for existing processes or installation of new processes can strain supply 

chains. An additional concern is that small utilities may not have the monetary, as well as human, resources 

necessary to perform the analysis needed for planning.  Therefore, planning to prepare for the expected changes 

to come is needed for the plant, regional, and national level. 

 
 
4.2 Background 

 
 

4.2.1 Climate Change and T&Os 

The presence of the seasonal unpleasant musty and earthy T&Os are associated with trans-1,10-dimethyl-trans-

9-decalol (geosmin) and 2-methylisoborneal (MIB) (Lin et al., 2002; Nerenberg et al., 2000; Zamyadi et al., 

2015).  The odor threshold concentration (OTC) for these two compounds is generally understood to be low at 

10 ng/L.  Lower OTC levels have been reported, such as 8.5 ng/L for MIB and 4 ng/L for geosmin (Means III 

& McGuire, 1986).  The source of these compounds is primarily cyanobacteria found in surface waters 

(Izaguirre et al., 1982).  Although not a health concern, seasonal T&Os are an issue for water utilities because 

of public perception and expectations for high quality and safe drinking water (M. de F. Doria, 2010).  The 

consumer perceives the musty and earthy odors as indicating that the drinking water is unhealthy and 

undrinkable (Khiari, 2004). Drinking water aesthetics, such as T&Os, are included in the list of hazards 

provided in the World Health Organization’s (WHO’s) Water Safety Plan resource document (World Health 

Organization, 2023).   The hazard is “acceptability” and is listed because this hazard undermines consumer 
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confidence in the drinking water supply.  As a result, utilities must respond to T&O events even though they 

are not a public health risk. 

WTPs are dependent on the quality of their intake water source.  The intake water determines the quality of the 

final product and the costs to operate. Water temperature is a critical factor in the physical, chemical, and 

biological processes that occur in surface waters.  Since water temperature is related to ambient air temperature  

(Kaushal et al., 2010), it is predicted that climate change will have an impact on surface waterbodies as a result 

of increasing ambient air temperatures. Climate change impacts on water quality of surface waters have been 

reported through the observed increases in river temperatures (Kaushal et al., 2010).  As a result of the increase 

in ambient air and waterbody temperatures, cyanobacterial growth has been promoted (Paerl & Paul, 2012). 

Therefore, water utilities are at risk from climate change conditions that are expected to alter their intake water 

supply, which they have no control over.   

Potential risks to water treatment systems under climate change conditions include microorganism formation 

in the water resource, decrease in treatment efficiency, and increasing chemical usage (Staben et al., 2015).   

Increasing treatment will result in increased costs to purchase supplies, dispose of waste materials, and expand 

storage and treatment facilities.  Other risks include supply chain issues if limited supply sources are available, 

such as powdered activated carbon (PAC) which is a common treatment method  (Srinivasan & Sorial, 2011).  

In addition to treatment of the underlying T&O compounds, utilities can improve communications with the 

public to distribute information and engage consumers in the quality concerns.  Establishing and maintaining 

a communication program would be an additional cost for the utility.  Finally, the utilities risk the loss of 

customers purchasing the water and selecting alternative expensive or unsafe drinking water sources (M. F. 

Doria, 2006; Pierce & Gonzalez, 2017). 

 
 

4.2.2 Preparing for Climate Change 

Planning for climate change will assist the water utilities in being resilient to the expected acute and chronic 

future conditions (World Health Organization, 2023).  Many water utilities have started the work to plan for 

the consequences of climate change on water supplies.  The Water Research Foundation (WRF) reports that 

the initial steps to be taken by water utilities are to understand the science of climate change and identify risks 

(Groves et al., 2014).  However, O’Connor et al. (1999)  reported that 41% of respondents to a survey of 

Pennsylvania community water supply (CWS) operators were “not concerned at all” about the impact of 

climate change on their treatment plants.  Further, a 2016 survey of Tennessee WTP operators presented in 

Chapter 2 found that almost all the respondents reported that planning for future T&O conditions was not being 
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done.  In addition, the respondents agreed that experience was more important in treating T&Os and the 

management of T&Os was more an art than science (Chapter 2). Although some utilities are planning for 

climate change, it appears that many are not.  The utilities may not be experiencing an urgency to do so because 

they have trust in their operators to manage any changes should any changes occur.  

Although it is common to state that climate change and extreme weather conditions will increase T&O events, 

actual predictions of these events as a function of a weather condition are not reported. And, specifically, 

predictions of PAC usage as a function of a weather variable are not reported.  Further, the prediction models 

that have been developed are often complicated and based on limited data sets.  However, Delpla et al. (2016) 

addressed predictions of climate change on another water treatment concern, DBP formation, in which 17 

existing models were used to determine that the impacts would be seasonal.  This current study is the second 

phase of an effort to develop tools for predicting seasonal T&O compound presence and PAC usage to treat 

T&Os under climate change conditions.  Simple models using predictor variables that are found in the climate 

change projections will help utilities in their planning and preparation goals.  As discussed in Chapter 3, models 

were developed to predict PAC usage and the presence of T&O compounds using logistic regression. These 

models used ambient air temperature as a single variable predictor.  In this study, the models will be used to in 

an effort predict T&O presence and PAC use under future climate change projections providing a method for 

planning for the future.  

 
 
4.3 Methods 

 
 

4.3.1 Study Location 

The study was performed for two WTPs located in Nashville, TN: the Omohundro WTP and the KR Harrington 

WTP.  Both plants are operated by the Metropolitan Nashville and Davidson County Water Services 

Department (MWS).  The plants are upstream of downtown Nashville on the Cumberland River which serves 

as the intake water source for both facilities (Figure 14).  Both plants use PAC to treat T&Os found in the 

intake water by adding it at the beginning of the treatment process.  The amount of PAC used is increased 

incrementally as the temperatures and T&Os increase through the warmer months of the year and is decreased 

as the temperatures and T&Os decrease.  Further information on the plants is provided in Chapter 3.  

The climate of Nashville is temperate and is classified as the Humid Subtropical climate type (Joyner & 

Tollefson, n.d.).  The area experiences warm, humid summers and mild winters.  In the Nashville area, the 

annual mean temperature has been reported as 15 ⁰C (Joyner & Tollefson, n.d.).  The temperature range in the 

area has been 3 ⁰C in January to 26 ⁰C in July. 
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4.3.2 Data Used in the Predictions 
 
4.3.2.1 Ambient Air Temperature 

Monthly ambient air temperatures (minimum and maximum) for one historical and two future prediction time 

periods were retrieved through the U.S. Department of Transportation, Federal Highway Agency’s Climate 

Data Processing Tool (FHWA Tool)  (ICF International & USDOT, n.d.).  The version used in this study 

provided downscaled CMIP5 data.  The FHWA Tool allows the user to utilize up to four geographic cells of 

the CMIP data which has been set up on 12x12 km grids.  A screenshot of the study location used to access the 

CMIP data is provided in Appendix B, Figure A-15.  The time periods available were Time Period 1 (TP1): 

1950-1980 for historic (observed), Time Period 3 (TP3): 2030-2060 (future mid-century), and Time Period 4 

(TP4): 2069-2099 (future).  The estimates were given in annual monthly averages for the 12 months of the 

year.  The FHWA Tool allows the user to specify which climate projection models to use.  For this study, 31 

models of the LOCA-CMIP5-climate daily, RCP4.5 and RCP8.5 were selected and provided as monthly 

averages.  The study period, Time Period 2, TP2, was January 2007 to December 2016.  The daily minimum 

and maximum ambient air temperature data were accessed through the National Climatic Data Center for the 

Nashville International Airport location (National Oceanic and Atmospheric Administration, n.d.).  Monthly 

average ambient air temperatures were used to develop the models.  A time period average was calculated for 

each month of this period for use in the predictions (annual monthly average).  The data were applied to the 

mid-period year of the predictions (TP1: 1965, TP2: 2012, TP3 2045, TP4: 2084). 

4.3.2.2 PAC Usage 

Logistic regression does not provide the amount of PAC used as an outcome.  A method was developed to 

correlate the probabilities to a derived PAC equivalent value of the amount of PAC used. PAC usage was 

provided on electronic monthly operating reports (MORs) by MWS.  The daily data were compiled and annual 

monthly averages were calculated for the study period, TP2. 

 
 
4.3.3 Model Predictions 

The details of the logistic regression model development are provided in Chapter 3 and include the data used, 

models developed, and model performance.  The cases included MIB, geosmin, a calculated T&O compound 

variable (M+G), and PAC as dependent, or outcome, variables.  The M+G variable was calculated as the sum 

of the two T&O compounds and represents the consumer’s experience of the T&Os.  The independent or 

predictor variables were minimum and maximum ambient air temperatures.  In addition, two validation set 

hold-out methods were used to develop the models.  The model evaluation determined that all the models were 

sufficient for use based on the coefficient significance, model accuracy, ROC/AUC, and accuracy of 
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predictions using the confusion matrix method.  The models were found to be similar based on the coefficients 

and model performance.  The slope of the models was positive, which indicated that the outcome would 

increase with increasing temperature. 

The logistic regression model is used for binary dependent variables.  PAC usage was assigned a value of 1 if 

PAC was used and 0 if it was not.  For the T&O model development, the compound values were assigned a 

value of 1 if they were present (greater than the detection limit of 2.00 ng/L) or 0 if they were not.  Probability 

was expected to be more useful in determining the impacts of climate change than log odds or odds.  Therefore, 

the data analysis included using the coefficients provided in the logistic regression modeling to calculate 

probability.  The function defines a sigmoid shaped, or S-shaped, curve (Eqn. 3). 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃{𝑌𝑌 = 1|𝑋𝑋} = 𝑃𝑃𝑃𝑃(𝑋𝑋) = 𝑒𝑒𝐵𝐵0+𝐵𝐵1∙𝑋𝑋

1+𝑒𝑒𝐵𝐵0+𝐵𝐵1∗𝑋𝑋
    (3) 

Model information is summarized in Tables 5-8.  Similar to the work of Delpla et al, (2016), predictions were 

calculated for each model case and then a composite result for each dependent variable for each Plant was 

calculated by averaging the results. 

 
 
4.3.4 Levels of Concern 
 
4.3.4.1 Development of T&O and PAC Levels of Concern 

The months were assigned to four levels of concern based on the probability of either T&O occurrence or PAC 

usage: low (<0.1000 probability, moderate (0.1000-0.5000 probability), high (0.5000-0.9000 probability, and 

critical (>0.9000 probability).  The levels correspond to the potential risk of occurrence/use.  The low level of 

concern falls on the lower leg of the curve where it approaches but does not reach zero, with small incremental 

changes.  Moderate and high probabilities fall on the portion of the curve that shows rapid increases.  Finally, 

the critical probability is found on the leg of the curve that approaches but does not reach probability =1 and 

the changes are small and incremental. 

4.3.4.2 Levels of Concern and PAC Usage Projections 

Since logistic regression does not provide the amount of PAC used as an outcome, a method was developed to 

estimate the impact of climate change.  TP2 was set as the baseline time period of PAC usage in kilograms 

(kg).  The months were grouped by the level of concern.  The PAC equivalent for each concern level as the 

average PAC used during months at the level of concern.  For each time period, the months were assigned a 

PAC equivalent based on the level of concern to calculate an estimated total PAC used for the time period. 
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4.4 Results and Discussion 

 
 

4.4.1 Ambient Air Temperature 

The ambient air temperature data are provided in Table 9.  In general, the minimum and maximum temperatures 

increased from TP1 to TP4. However, two inconsistencies were found in the complete TP1 though TP4 data 

set.  For September and October, maximum ambient air temperatures, the change from TP1 to TP2 was 

negative.  Further, temperatures decreased from TP2 to TP3 for minimum temperatures in March and June and 

the maximum temperature in March.  These observations may have been caused by the two different sources 

of temperature data.  TP1 and TP2 temperature data were observed data but the sources are from different data 

sets. The TP3 and TP4 temperatures were projected from the observed TP1 data.  As a result, TP1, TP3, and 

TP4 are “in line” with each other.  These inconsistencies in temperature would likely be reflected in the 

modeling results following the same pattern. 

 
 

 

Table 9.  Ambient air temperatures used in the predictions for the study and projected periods. 

 
 

The ambient air temperature data showed that the cooler months of the year experienced higher percentage 

increases than the warmer months over time.  Although the hottest times of the year were predicted to become 

hotter, the most important change could be the significant reduction or elimination of colder temperature 

periods with time.  The overall warming of the ambient air temperatures points towards warming surface water 

temperatures that will change the biological activity in the waterbodies.  The waterbodies are ecological 

Minimum Ambient Temperature Maximum Ambient Temperature
Month TP1 TP2 TP3 TP4 TP1 TP2 TP3 TP4

⁰C ⁰C ⁰C ⁰C ⁰C ⁰C ⁰C ⁰C
January -2.64 -2.28 -0.04 1.87 8.17 8.23 10.62 12.48
February -2.12 -0.21 0.11 2.33 9.80 10.74 11.94 14.07

March 2.02 5.12 4.08 5.89 14.59 17.34 16.56 18.51
April 7.55 9.24 9.80 12.03 21.06 22.47 23.27 25.63
May 12.34 14.59 14.92 17.34 25.53 26.52 28.26 30.88
June 16.83 19.74 19.22 21.91 29.74 31.70 32.57 35.61
July 19.28 21.21 22.05 24.63 31.94 32.35 35.08 37.79

August 18.84 20.91 22.02 24.77 31.58 32.40 35.12 37.97
September 15.83 16.87 19.03 21.94 29.17 28.88 32.58 35.40

October 8.83 9.88 11.88 14.75 23.21 22.76 26.48 29.22
November 3.30 4.02 5.85 8.16 16.15 16.62 18.88 21.29
December -0.93 1.19 1.65 3.56 10.37 11.25 12.96 14.98
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systems with a multitude of interactive processes occurring; therefore, predictions for the future biological 

makeup of the waterbodies are highly speculative.  However, it would be expected that changes in the Nashville 

area would result in suitable conditions for increased growth of the T&O producing microbial species through 

a longer portion of the year. 

 
 
4.4.2 T&O Compound Occurrence Probability Predictions 

The composite probabilities were calculated for each dependent variable as shown in Appendix C (Table A-4) 

for each Plant.  The months were assigned to the four levels of concern as shown in Table 10 for the Omohundro 

WTP and Table 11 for the KR Harrington WTP. 

 
 

 

Table 10.  Omohundro WTP levels of concern. 
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Low <0.1000 TP1 Low <0.1000 TP1
Moderate 0.1000-0.5000 TP1 Moderate 0.1000-0.5000 TP1
High 0.5000-0.9000 TP1 High 0.5000-0.9000 TP1
Critical >0.9000 TP1 Critical >0.9000 TP1

Low <0.1000 TP2 Low <0.1000 TP2
Moderate 0.1000-0.5000 TP2 Moderate 0.1000-0.5000 TP2
High 0.5000-0.9000 TP2 High 0.5000-0.9000 TP2
Critical >0.9000 TP2 Critical >0.9000 TP2

Low <0.1000 TP3 Low <0.1000 TP3
Moderate 0.1000-0.5000 TP3 Moderate 0.1000-0.5000 TP3
High 0.5000-0.9000 TP3 High 0.5000-0.9000 TP3
Critical >0.9000 TP3 Critical >0.9000 TP3

Low <0.1000 TP4 Low <0.1000 TP4
Moderate 0.1000-0.5000 TP4 Moderate 0.1000-0.5000 TP4
High 0.5000-0.9000 TP4 High 0.5000-0.9000 TP4
Critical >0.9000 TP4 Critical >0.9000 TP4
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Low <0.1000 TP1 Low <0.1000 TP1
Moderate 0.1000-0.5000 TP1 Moderate 0.1000-0.5000 TP1
High 0.5000-0.9000 TP1 High 0.5000-0.9000 TP1
Critical >0.9000 TP1 Critical >0.9000 TP1

Low <0.1000 TP2 Low <0.1000 TP2
Moderate 0.1000-0.5000 TP2 Moderate 0.1000-0.5000 TP2
High 0.5000-0.9000 TP2 High 0.5000-0.9000 TP2
Critical >0.9000 TP2 Critical >0.9000 TP2

Low <0.1000 TP3 Low <0.1000 TP3
Moderate 0.1000-0.5000 TP3 Moderate 0.1000-0.5000 TP3
High 0.5000-0.9000 TP3 High 0.5000-0.9000 TP3
Critical >0.9000 TP3 Critical >0.9000 TP3

Low <0.1000 TP4 Low <0.1000 TP4
Moderate 0.1000-0.5000 TP4 Moderate 0.1000-0.5000 TP4
High 0.5000-0.9000 TP4 High 0.5000-0.9000 TP4
Critical >0.9000 TP4 Critical >0.9000 TP4
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Table 11.  KR Harrington WTP levels of concern. 

 
 

4.4.2.1 Omohundro WTP 

The increases in the predicted probabilities moved months from lower to higher concern levels from TP1 to 

TP4 (Table 10).  The predictions from TP1 to TP2 indicated that for MIB and geosmin, the months in the 

critical range did not increase, but there were predicted changes in the low and moderate concerns.  The M+G 

predictions, however, showed that there was a predicted increase in the concern level in May moving up to the 

critical level.  For TP3, the concern levels remained the same as TP2 for MIB and M+G.  For geosmin, May 

moved from the high level of concern to the critical level.  By TP4, MIB and M+G had no low-level concerns 

predicted.  The month of May had moved from moderate to critical level for all three compounds.  Finally, the 

critical period was extended into October for M+G.  Overall, the level of concern was predicted to increase for 

certain months of the year, extending the T&O episode through time for the plant. 
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Low <0.1000 TP1 Low <0.1000 TP1
Moderate 0.1000-0.5000 TP1 Moderate 0.1000-0.5000 TP1
High 0.5000-0.9000 TP1 High 0.5000-0.9000 TP1
Critical >0.9000 TP1 Critical >0.9000 TP1

Low <0.1000 TP2 Low <0.1000 TP2
Moderate 0.1000-0.5000 TP2 Moderate 0.1000-0.5000 TP2
High 0.5000-0.9000 TP2 High 0.5000-0.9000 TP2
Critical >0.9000 TP2 Critical >0.9000 TP2

Low <0.1000 TP3 Low <0.1000 TP3
Moderate 0.1000-0.5000 TP3 Moderate 0.1000-0.5000 TP3
High 0.5000-0.9000 TP3 High 0.5000-0.9000 TP3
Critical >0.9000 TP3 Critical >0.9000 TP3

Low <0.1000 TP4 Low <0.1000 TP4
Moderate 0.1000-0.5000 TP4 Moderate 0.1000-0.5000 TP4
High 0.5000-0.9000 TP4 High 0.5000-0.9000 TP4
Critical >0.9000 TP4 Critical >0.9000 TP4
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Low <0.1000 TP1      Low <0.1000 TP1
Moderate 0.1000-0.5000 TP1 Moderate 0.1000-0.5000 TP1
High 0.5000-0.9000 TP1 High 0.5000-0.9000 TP1
Critical >0.9000 TP1 Critical >0.9000 TP1

Low <0.1000 TP2      Low <0.1000 TP2
Moderate 0.1000-0.5000 TP2 Moderate 0.1000-0.5000 TP2
High 0.5000-0.9000 TP2 High 0.5000-0.9000 TP2
Critical >0.9000 TP2 Critical >0.9000 TP2

Low <0.1000 TP3      Low <0.1000 TP3
Moderate 0.1000-0.5000 TP3 Moderate 0.1000-0.5000 TP3
High 0.5000-0.9000 TP3 High 0.5000-0.9000 TP3
Critical >0.9000 TP3 Critical >0.9000 TP3

Low <0.1000 TP4 Low <0.1000 TP4
Moderate 0.1000-0.5000 TP4 Moderate 0.1000-0.5000 TP4
High 0.5000-0.9000 TP4 High 0.5000-0.9000 TP4
Critical >0.9000 TP4 Critical >0.9000 TP4
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4.4.2.2 KR Harrington WTP 

The increases in the predicted probabilities moved months from lower to higher concern levels from TP1 to 

TP4 as was seen for the Omohundro Plant (Table 11).  For MIB, no changes were predicted from TP1 to TP2.  

However, for geosmin, March moved from low to moderate concern, and May moved from the high to the 

critical level of concern.  For M+G, May moved from a high level of concern to a critical level of concern.  For 

TP3, the months assigned to the concern levels were the same as TP2 for geosmin and M+G.  For MIB, 

December moved from low to moderate level of concern and May moved from high level of concern to critical.  

By TP4, MIB had no low-level concerns predicted.  Other changes included October moving from high level 

of concern to critical for all three compounds.  As seen with the Omohundro plant, the level of concern was 

predicted to increase for certain months of the year, extending the T&O episode through time for the plant. 

4.4.2.3 Summary 

Overall, climate change was predicted to increase the number of months at higher levels of concern in TP2, 

TP3, and TP4 when compared to TP1 for both plants.  In particular, for the two plants, the small number of 

changes predicted to occur from TP1 to TP2 indicated that the plants may have already experienced climate 

change.  For the Omohundro Plant, the months identified as a low level of concern did not change and there 

was no increase in the level of concern from TP1 to TP2 for MIB and geosmin.  However, the months identified 

as a low level of concern decreased from three to two and for the critical concern, increased from four to five 

for M+G.  For KR Harrington, the months identified as a low level of concern did not change for MIB or M+G, 

but decreased from three to two for geosmin.  At the critical level of concern, the number of months did not 

change for MIB.  In contrast, the months increased from four to five for both geosmin and M+G. 

The decreases in the low-level concern and increases in the critical level of concern continued through TP4.  

For the Omohundro Plant, the number of months assigned to the low level of concern was three in TP1 and 

zero in TP4 for MIB, from three to one for geosmin, and from three to zero for M+G.  Further, the number of 

months identified as critical increased from four in TP1 to six in TP4 for MIB, from four to five for geosmin, 

and four to six for M+G.  For the KR Harrington plant, the number of months identified as low-level concern 

changed from two in TP1 to zero in TP4 for MIB, from three to two for geosmin, and from two to one for 

M+G.  Further, the number of months identified as critical increase from four in TP1 to six in TP4 for all three 

compounds. 

The levels of concern can be divided into two groups based on the implications for the plant: 1) low level 

concern in which T&Os would not be expected to be detected because the probability of occurrence is <0.1000 

and 2) moderate, high, and critical levels of concern in which T&Os could be detected since the probability of 

occurrence is >0.1000.  The predictions showed that the number of months that would be considered low level 
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of concern tended to decrease over time as climate change occurred.  On the other hand, the critical time period 

increased by two months for all of the compounds by TP4, with the exception of a one-month increase for 

geosmin at the Omohundro Plant.  The two-month increase would cause the critical level occurring for six 

months of the year at TP4.  As a result of these changes, the plants would be able to detect the compounds in 

their intake water for a total of 10 to 12 months of the year using this approach and the data available at the 

time of the study.  With the higher predicted probability of the presence of T&Os under climate change 

conditions, the risk of additional treatment and complaints from consumers would also be expected to increase. 

 
 
4.4.3 PAC Usage Probability Predictions 

4.4.3.1 Omohundro WTP 

The predicted probabilities for PAC usage provided in Appendix C (Table A-4) increased through the time 

periods as shown in Figure 24, changing months from lower to higher concern levels from TP1 to TP4 (Table 

10).   

 
 

 

Figure 24.  Omohundro WTP PAC usage probabilities. 

 
 

The PAC used at the Omohundro WTP had generally increased during the study period (Table 12).  MWS has 

reported that their procedure had changed since 2011 and lower levels of T&O compounds were achieved by 

using additional PAC.  The year 2016 was an unusual year in which PAC use did not decrease to nothing from 
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the warm summer months into December.  In two other years, high PAC usage was observed in December, but 

in 2016, the use was two orders of magnitude higher than in 2007 and 2015.  The PAC equivalents calculated 

for each level of concern are shown in Table 13.  Concurrent with the increases in the levels of concern from 

TP1 to TP4 (Table 10), the average PAC equivalent also increased for several months from time period to time 

period (Table 14).  The annual total amount of PAC projected to be used for each time period (the sum of the 

projected monthly average amounts for each time period), based on the average PAC equivalent, increased by 

11% from TP1 to TP2, 14% from TP1 to TP3, and 29% from TP1 to TP4.  This increase was due to both an 

increase in the number of months that PAC would be needed and the higher levels of concern when more PAC 

would be needed (Table 15).  In addition, the change from TP2 to TP3 was 2.5% and from TP3 to TP4 was 

13%, showing an increasing impact of the increasing temperatures on the projected PAC usage from time 

period to time period. 

 
 

 

Table 12.  Omohundro WTP PAC usage (kg) during the study period (2007-2016). 

 
 

 
 
Table 13.  PAC equivalents (kg) calculated for each level of concern.  
 

PAC usage (kg)
Year January February March April May June July August September October November December
2007 0 0 0 0 12,184 47,858 59,229 69,240 49,632 19,552 3,763 6,176
2008 0 0 0 0 6,608 34,199 53,638 60,043 52,001 32,558 0 0
2009 0 0 0 42 565 14,409 36,249 42,903 27,589 6,009 0 0
2010 0 0 0 0 0 10,472 42,158 47,148 29,313 10,174 9,132 0
2011 0 0 0 0 0 17,952 62,207 121,075 59,513 11,330 1,339 0
2012 0 0 0 0 7,790 62,356 57,966 99,970 91,178 38,439 2,794 53
2013 0 0 0 73 4,109 19,338 60,068 74,015 115,722 106,291 16,266 0
2014 0 0 0 0 820 36,765 80,070 82,721 71,612 53,926 11,035 0
2015 0 0 0 0 15,941 58,298 107,909 73,928 49,730 79,255 25,812 4,179
2016 0 5,194 0 1,773 36,213 94,941 118,112 141,371 156,881 194,208 117,460 100,919

Minimum 0 0 0 0 0 10,472 36,249 42,903 27,589 6,009 0 0
Maximum 0 5,194 0 1,773 36,213 94,941 118,112 141,371 156,881 194,208 117,460 100,919
Average 0 519 0 189 8,423 39,659 67,761 81,242 70,317 55,174 18,760 11,133

Omohundro WTP KR Harrington WTP
Concern PAC PAC Equivalent PAC Equivalent

Level Probability Minimum Average Maximum Minimum Average Maximum
(kg) (kg) (kg) (kg) (kg) (kg)

Low 0-0.1000 0 260 2,597 0 0 0
Moderate 0.1000-0.5000 0 9,964 72,793 0 5,874 36,180
High 0.5000-0.9000 8,399 33,526 97,269 6,543 29,908 97,107
Critical 0.9000-1.00 29,875 62,887 118,142 17,092 69,617 134,990
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Table 14.  Omohundro WTP levels of concern and average PAC equivalents. 

 
 

 

Table 15.  The projected annual usage in PAC equivalents for each time period. 
 
 

As shown in Table12, there was a considerable amount of variability in the monthly average PAC usage values 

across the years of the study period, resulting in a wide range in the minimum and maximum values.  PAC 

equivalents were calculated for the minimum and maximum values to assign to the levels of concern as shown 

in Table 13.  The corresponding projected PAC usage increased from TP1 to TP4 using the minimum PAC 

equivalents was 42% and the maximum PAC equivalents increase was 21% (Table 15). For the Omohundro 

WTP, the projected impact of climate change on the PAC used varied substantially depending on the use of 

minimum, average, or maximum PAC equivalents. 
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Low 0-0.1000 TP1 260 260

Moderate 0.1000-0.5000 TP1 9,964 9,964 9,964

High 0.5000-0.9000 TP1 33,526 33,526 33,526 33,526

Critical 0.9000-1.00 TP1 62,887 62,887 62,887

Low 0-0.1000 TP2 260

Moderate 0.1000-0.5000 TP2 9,964 9,964 9,964 9,964

High 0.5000-0.9000 TP2 33,526 33,526 33,526

Critical 0.9000-1.00 TP2 62,887 62,887 62,887 62,887

Low 0-0.1000 TP3

Moderate 0.1000-0.5000 TP3 9,964 9,964 9,964 9,964 9,964

High 0.5000-0.9000 TP3 33,526 33,526 33,526

Critical 0.9000-1.00 TP3 62,887 62,887 62,887 62,887

Low 0-0.1000 TP4

Moderate 0.1000-0.5000 TP4 9,964 9,964 9,964 9,964

High 0.5000-0.9000 TP4 33,526 33,526 33,526

Critical 0.9000-1.00 TP4 62,887 62,887 62,887 62,887 62,887

Omohundro WTP KR Harrington WTP
Time Annual PAC Equivalents Annual PAC Equivalents

Period Minimum Average Maximum Minimum Average Maximum
(kg) (kg) (kg) (kg) (kg) (kg)

TP1 123,221 353,177 967,075 87,997 379,940 903,641
TP2 144,697 391,982 1,058,144 98,546 431,397 1,013,884
TP3 144,697 401,946 1,128,340 98,546 437,271 1,050,064
TP4 174,572 454,869 1,173,689 115,638 501,014 1,148,874
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4.4.3.2 KR Harrington WTP 

The predicted probabilities for PAC usage provided in Appendix C (Table A-4) increased through the time 

periods as shown in Figure 25, changing months from lower to higher concern levels from TP1 to TP4 (Table 

11).  

 
 

 

Figure 25.  KR Harrington WTP PAC usage probabilities. 

 
 

The PAC used at the KR Harrington WTP had generally increased during the study period (Table 16).  MWS 

has reported that their procedure has changed since 2011 and lower levels of T&O were achieved by using 

additional PAC.  Similar to the Omohundro WTP, the year 2016 was an unusual year with PAC use not 

declining to zero through the fall months into December.  Again, two other years experienced high PAC usage 

in December (2013 and 2015), but the use in 2016 was an order of magnitude higher than either of those years.  

Likewise, increases in the levels of concern from TP1 to TP4 resulted in an increase in the estimated PAC used, 

based on the average PAC equivalent for the KR Harrington WTP (Table 17).  The total amount of PAC 

projected to be used increased by 14% from TP1 to TP2, 15% from TP1 to TP3, and 32% from TP1 to TP4 

due to the increase in the number of months at the higher levels of concern when more PAC would be expected 

to be used (Table 15).  Further, the change from TP2 to TP3 was only 1.4% but the change from TP3 to TP4 

was 15%, showing and increasing impact of the ambient air temperature increases on the predicted PAC usage 

from time period to time period. 
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Table 16.  KR Harrington WTP PAC usage 2007-2016 (kg). 

 
 

 

Table 17.  KR Harrington WTP levels of concern and average PAC equivalents (kg). 

 
 

As seen with the Omohundro WTP and shown in Table 12, there was a considerable amount of variability in 

the monthly average PAC usage values across the years, resulting in a wide range in the minimum and 

maximum values.  PAC equivalents were calculated for the minimum and maximum values that were assigned 

to the levels of concern, as shown in Table 13.  The projected PAC usage increase from TP1 to TP4 using the 

minimum PAC equivalents was 31% and the maximum PAC equivalents increase was 27% (Table 15).  The 

PAC usage (kg)
Year January February March April May June July August September October November December
2007 0 0 0 0 10,663 55,922 69,119 87,580 62,634 25,462 1,087 0
2008 0 0 0 0 7,002 39,676 70,454 70,690 49,124 16,583 0 0
2009 0 0 0 0 1,171 19,129 52,972 61,455 44,057 13,086 0 0
2010 0 0 0 0 0 1,669 21,078 25,311 37,401 21,996 11,007 0
2011 0 0 0 0 0 32,112 85,630 155,676 104,855 33,352 1,074 0
2012 0 0 0 0 48,422 81,694 75,302 131,909 136,427 60,930 3,043 0
2013 0 0 0 104 7,806 34,811 98,042 76,633 79,723 57,298 10,243 1,179
2014 0 0 0 488 1,305 63,685 92,568 118,132 123,903 66,874 14,948 0
2015 0 0 0 0 57,773 98,839 160,081 137,686 112,761 107,764 44,606 3,046
2016 0 8,888 0 2,246 46,223 71,806 101,677 176,696 181,562 191,968 103,464 32,368

Minimum 0 0 0 0 0 1,669 21,078 25,311 37,401 13,086 0 0
Maximum 0 8,888 0 2,246 57,773 98,839 160,081 176,696 181,562 191,968 103,464 32,368
Average 0 889 0 284 18,036 49,934 82,692 104,177 93,245 59,531 18,947 3,659
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Low <0.1000 TP1 0 0 0

Moderate 0.1000-0.5000 TP1 5,874 5,874

High 0.5000-0.9000 TP1 29,908 29,908 29,908

Critical >0.9000 TP1 69,617 69,617 69,617 69,617

Low <0.1000 TP2 0

Moderate 0.1000-0.5000 TP2 5,874 5,874 5,874 5,874

High 0.5000-0.9000 TP2 29,908 29,908

Critical >0.9000 TP2 69,617 69,617 69,617 69,617 69,617

Low <0.1000 TP3

Moderate 0.1000-0.5000 TP3 5,874 5,874 5,874 5,874 5,874

High 0.5000-0.9000 TP3 29,908 29,908

Critical >0.9000 TP3 69,617 69,617 69,617 69,617 69,617

Low <0.1000 TP4

Moderate 0.1000-0.5000 TP4 5,874 5,874 5,874 5,874

High 0.5000-0.9000 TP4 29,908 29,908

Critical >0.9000 TP4 69,617 69,617 69,617 69,617 69,617 69,617
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impact of climate change on the projected PAC used was similar for the minimum, average, and maximum 

PAC equivalents. 

4.4.3.3 Summary 

Overall, climate change was predicted to extend the season of PAC usage with certain months moving from 

lower to higher levels of concern for both plants.  Although small, the change predicted to occur from TP1 to 

TP2 indicated that the plants may have already experienced at least some climate change impacts.  For the 

Omohundro Plant, the number of months identified as a low level of concern decreased from two in TP1, to 

one in TP2, to zero in TP3 and TP4.  The number of months identified as a critical level of concern increased 

from three in TP1, to four in TP2 and TP3, and to five in TP4.  For the KR Harrington Plant, the low level of 

concern months decreased from three in TP1, to one in TP2, to zero in TP3 and TP4.  The number of months 

identified as critical increased from four in TP1 to five in TP2 and TP3, to six in TP4. 

The two plants may have already experienced climate change as of TP2, as evidenced by the decrease in the 

low level of concern and increase in the critical level of concern.  The elimination of months assigned to the 

low level of concern at TP3 suggests that the plants were predicted to no longer experience a time of year that 

PAC would not be used.  On the other hand, the critical time period increased by two months of the year by 

TP4.  The two-month increase would cause the critical level occurring for five months at TP4 for the 

Omohundro Plant and six months of the year for the KR Harrington Plant.  The shifts would be expected to 

increase the potential risk of additional burdens due to cost, and availability of the supply of PAC to meet he 

consumers’ expectations. 

The projected increase in the levels of concern from TP1 to TP4 would also result in an approximate 30% 

increase in the PAC usage at the two plants.  The projected usage calculation is limited because it is assumed 

that the TP2 PAC data can be representative of changes in the future, no changes are made at the WTPs in their 

method of application of PAC, no changes are made in the treatment of T&Os, and there are no impacts due to 

vendor issues.  Possible vendor issues include the elimination of a PAC source and a change in the quality of 

PAC.  Further, the estimate does not consider disposal or reactivation of PAC, or installation of additional 

storage facilities if needed by the increase in PAC used at the WTPs.  Costs are not addressed here, but plants 

could be further impacted by increased or decreased costs due to limited or new sources of PAC, competition 

among PAC users as needs increase, disposal options, and added charges due to environmental impact of PAC 

manufacturing (for example, climate change mitigation charges). 
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4.4.4 Similarity of the Two Plants 
 

The MIB and M+G predicted results are similar for the two plants.  The differences between the plants for the 

prediction time periods were small at less than 0.05 probability.  In contrast, for geosmin, some of the 

differences between the two plants were greater than 0.05 probability.  The differences greater than 0.05 

probability occurred in April, May, and October in TP1, TP2, and TP3 and April and November in TP4. 

The PAC predictions followed the same pattern as the T&O compounds.  The differences between the plants 

for all the months were small at less than 0.05 probability except for May in TP1, May and October in TP2, 

April and October in TP3, and April in TP4.  In each case, the differences were also small at less than 0.057 

probability. 

Although the predicted probabilities were similar for the two plants, the levels of concern differed depending 

on the compound.  For MIB, the levels of concern were the same for the two plants.  For geosmin the levels 

were different for several months ending with an additional month identified as critical (October) in TP4 for 

KR Harrington.  For M+G, the levels were also different for several months, but Omohundro reached zero 

months identified as low level in TP4 and KR Harrington did not.  The two plants were predicted to experience 

higher levels of concern in two different ways: Omohundro WTP was predicted to face M+G events throughout 

the year by TP4 and KR Harrington would face a longer T&O season.  The differences in the projected 

probabilities that are reflected in the levels of concern are related to the models used to create the composite 

results.  The small differences in the B0 and B1 coefficients for the four models used per T&O compound were 

large enough to result in the differences observed in the levels of concern.  The differences could be explained 

by higher levels of geosmin in the winter and both geosmin and M+G in the fall as the ambient air temperature 

increases resulting in higher water temperatures in the Cumberland River.  It should be noted that the data sets 

used to develop the models, as presented in Table 4, are different and the differences could be due to several 

study conditions.  For example, inadvertent differences caused by removal of the May 2010 data for the KR 

Harrington WTP because of flooding could have influenced the modeling.  Other differences include T&O 

compound concentrations that could differ because of the aquatic environment at the two plant locations, 

sampling at different times of day, or sampling techniques.  The differences could also be due to natural 

variation in data.   

The PAC usage assignment of concern levels also was different for several months.  The primary difference 

was seen in the smaller number of months identified as critical from TP1 to TP4 for Omohundro.  The 

difference in the levels of concern was reflected in the projected PAC used for the two plants.  Based on the 

average PAC equivalents, KR Harrington was projected to have a higher percentage increase in PAC used from 
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TP1 to TP4 than the Omohundro WTP.  However, the difference between the two plants was less than 10%.  

However, the projected annual PAC equivalents derived from the minimum and maximum 2012 PAC usage 

values showed a different pattern for the two plants. The range for the Omohundro WTP had a wider spread 

than the KR Harrington, 21% and 42%, respectively. The level of concern PAC equivalents (Table 14) show 

that the Omohundro values had a wider range than the KR Harrington and would explain the difference in the 

annual PAC equivalent values.   

As shown in Tables 12 and 16, on average, KR Harrington used more PAC per month than Omohundro during 

TP2, except in January and March when no PAC was used and December when Omohundro used more PAC 

than KR Harrington.  As seen with the T&O compound results, the model coefficients were higher for the KR 

Harrington WTP than the Omohundro WTP.  The higher levels of concern for PAC use at the KR Harrington 

WTP would be expected to be due to higher concentrations of T&O compounds, but it may not be the case. 

Further, although the average projected annual PAC usage using PAC equivalents were the same for the two 

plants, the ranges were not.  The results indicated a higher variability in the Omohundro WTP’s projected 

annual PAC usage due to the variability in the projected minimum usage.  Possible reasons for the difference 

could be in the operational procedures at the plants, the dosage levels of PAC when the plants may have 

different flows, and the data set issues described above.    

The results for the two Nashville plants indicated that the predicted probabilities were generally similar, 

although the evaluation of levels of concern and the ranges of projected PAC usage varied between the two 

plants.  Nonetheless, the overall similarity in results for this best-case scenario (two plants located in the same 

watershed, using the same intake water source, and operated by the same governmental entity) indicated that it 

may be possible to use one model to assist regional or watershed clusters of utilities.  Development of 

“universally acceptable models” has been addressed for THM concentration in drinking water (Golfinopoulos 

et al., 1998; Golfinopoulos & Arhonditsis, 2002).  It was concluded that same multiple linear regression models 

developed for two Greek WTPs were comparable, that they could be used for other Greek WTPs if the input 

data were within range.  Further, Delpla et al. (2016) addressed the use of existing models for predicting DBP.  

Use of a template model would help utilities do their own planning or for third parties to perform the planning 

for the utilities.  In addition, this approach would be helpful for small utilities that do not have the resources to 

develop model to perform the planning needed to prepare for climate change. 
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4.4.5 Logistic Regression Modeling as a Prediction Method 
 

The logistic regression model appears to be a simple model because the outcome, or dependent, variable is in 

terms of a binary outcome.  However, logistic regression modeling has several complexities for use as a 

planning tool for water utilities.  Importantly, the binning of the outcome, either PAC usage or T&O compound 

presence, into binary classes causes the loss of information about the magnitude of the outcome.  Another 

concern is that the outcome of the model is in terms of log odds.  Since this is difficult to understand, the results 

can be converted to probability.  Although easier to understand than log odds, probability is not ideal for 

planning purposes.  Moreover, any changes in the results are conditional.  The change in Y is dependent on the 

value of X and where it is found on the sigmoid curve.  As seen with the study results, the low probabilities 

approaching 0 and high probabilities approaching 1.0000 showed small incremental increases.  In contrast, the 

probabilities in the middle section of the curve are not constrained and larger actual changes are possible as 

seen in the months of March and November.  Finally, definite decisions on whether PAC is used or T&O 

compounds are present cannot be given.  Rules of evaluation must be set up to make the decision.  Regarding 

this study, the logistic regression modeling conducted used a single predictor.  Although a single predictor in 

terms of available climate project data is useful for a direct method for planning, the modeling may overlook 

important interactive water quality processes and other important variables.  Finally, for this study, variability 

and uncertainty were not considered in the analysis because this was a first attempt, and the focus was on 

demonstrating a proof of concept.  Use of variability and uncertainty could improve the understanding of the 

impact of climate change on the treatment process.  

 
 
4.5 Conclusions 

Predictions of the impact of climate change on the problematic seasonal T&O compounds and PAC usage to 

treat them were made for two Nashville, Tennessee WTPs using previously developed models.  The models 

were single variable logistic regression models using ambient air temperature as the independent, predictor, 

variable.  Limiting the predictor to ambient air temperature had two advantages for water utilities.  First, the 

models developed for this project used CMIP projections for ambient air temperature in a straightforward and 

direct manner in comparison to more complex models.  Secondly, PAC usage and ambient air temperature data 

should be available to all plants that use this method of T&O treatment. 

The predictions suggest that the season for T&O concerns and the need for PAC would be extended in the 

future in comparison to historic time period.  Moreover, the similarity of the results for the two plants indicated 
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the potential for development of modeling templates for regions or watersheds would assist utilities, including 

smaller utilities that may need additional support. 

A method was developed to overcome the shortcoming of the logistic regression model’s outcome using 

baseline PAC usage (study period 2012, TP2) and levels of concern based on the predicted probabilities to 

estimate the amount of PAC predicted for each time period.  The overall predicted impact of climate change 

was found to be an approximate 30% increase in PAC usage.  However, the predicted impact was likely an 

underestimate due to variables that were not considered as part of this study. 

According to the predictions, the two plants, and possibly utilities in general, will face increasing challenges to 

meet consumer demands for high quality and safety drinking water as the quality of source waters change and 

the prevalence of the seasonal unpleasant T&Os increase with climate change.  Consequently, it would be 

expected that utilities will face increasing risks associated with T&Os, such as customer dissatisfaction and 

loss of confidence in the utilities.  To prepare for the predicted impacts, planning efforts are needed to start 

making strides toward climate adaptation. 
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CHAPTER 5 
 
 

Project Conclusions 
 
 

Over time, climate change research, planning, mitigation, and adaptation have improved and moved from the 

global to the national, regional, and city levels (Rosenzweig et al., 2010).  It is important that the trend continue 

to local water utilities and that they are active in planning and adapting to climate change.  Moreover, small and 

often rural communities have been overlooked as efforts have been put on large often urban areas of high 

population density.  The risk of climate change for water utilities is multidimensional.  There are risks to the 

quantity of the water supply, quality of the water supply, and to the aging and condition of built infrastructure at 

the WTPs.  In addition, the operations of the plants face risks due to climate change.  The processes are interactive 

with the water supply and environmental conditions such as temperature, precipitation, fires, and severe storm 

events creating a multivariable system to evaluate.  However, the controlling risk is the impact on the public: the 

drinking water supply is key to maintaining public health and well-being. 

This project took a practical approach to address questions about climate change impacts on seasonal unpleasant 

T&Os and the treatment using PAC.  The project tasks included: (i) a survey of WTP operators to investigate 

planning and expectation for climate change impacts at their facilities regarding T&Os, (ii) development of a 

simple method to model and communicate the relationship between climate/weather and PAC usage to treat 

T&Os, and (iii) applying the method to a case study for prediction of potential demand for PAC to meet treatment 

needs under a future climate.  T&Os are a unique parameter that must be managed by water utilities.  First, they 

are not a contaminant in the normal use of the word in that they are not a human health risk.  The presence in 

drinking water is, however, used by the consumer to judge its quality.  Consumers perceive the presence of 

seasonal unpleasant T&Os as indicating that the water is not safe to drink.  Secondly, these T&Os are products 

of cyanobacterial and other microorganisms in the waterbody that supplies the intake water to the WTP.  

Therefore, they are linked to the ecosystem of the waterbody including the physicochemical and biological 

processes that occur.  Since temperature is a key influence on ecosystems, climate change would be expected to 

have a great influence on the T&O presence and consequently treatment by the WTPs to remove them. 

The study resulted in two key points that add to our understanding of T&O planning by water utilities for climate 

change which could potentially apply to other treatment processes and operations at the WTPs: 
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1. The TN WTP operators who responded to the survey appeared to be relying on the robustness of their plants 

and operator experience to manage T&O conditions at the plants; and 

2. Logistic regression modeling can be used to help understand and plan for climate change impacts and 

communicate the risk in qualitative terms (using probabilities and levels of concern) or quantitative terms 

(using PAC equivalents). 

The perspectives of TN WTP operators on T&O management, planning, and the implications for planning for 

climate change are presented in Chapter 2.  Inclusion of the intake water source in this survey continues the 

work of Suffet et al. (1996) and O’Connor et al. (1999), broadening the understanding of the operations and 

management of WTPs by taking the ecological impacts (physical, chemical, and biological) of changes in 

weather and climate on the intake source water quality and the subsequent impact on the operation of the WTPs.  

The limited statistical analysis that was conducted on the stratified results showed that some trends may not be 

significant.  This indicates that additional work is needed to understand the relationship between intake source 

water and perspectives of the WTP operators.   

Overall, the level of concern about T&Os was found to be low and the source water used by the respondent’s 

WTP did not statistically influence the response.  Respondents from WTPs that used surface water tended to 

report T&O issues that are related to the seasonal T&Os.  They also expressed a low level of need for 

improvements to assist with their response to T&O events.  The similarity of the responses of the respondents 

from WTPs that use the two surface water types, river/stream and lake/reservoir, may be an indication that the 

two aquatic environments had the same impact on the T&O issues at these WTPs.  However, the similarity in 

the results may indicate that rivers and streams that are affected by dams exhibit lake/reservoir-like behavior.  

This was noted by one respondent who stated that the river “will ‘turn over’ twice a year,” which is a 

characteristic of lake/reservoir environments.   

Further, the respondents reported that T&Os were not a part of their planning activities and they did not have 

concerns about the future.  Also, the respondents had not observed changes in T&Os over time or changes in 

treatment efficiency.  Given the overall lack of concern about T&Os, it was not surprising that respondents were 

not planning for the expected changes in weather and the potential for increasing T&O events.   

However, the respondents did agree that treating T&Os is an art, not a science, and that experience was important 

in the management of T&Os.  The view that treatment is an art and not a science raises questions about the ability 

of the plants to be prepared for climate change using existing approaches to evaluate data and, also, transfer their 

experience to the next generation of operators.  Regarding the resilience of the plants, the respondents to this 
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survey had confidence that their plants are adaptable and insensitive to source water quality changes.  They were 

also relying on past experience as an indicator of future performance.   

The findings of this survey and previous research indicates that there are subtleties to operators’ perspectives.  

O’Connor et al. (1999) reported that planning for climate change tended to be conducted by experienced, full-

time operators in comparison to unexperienced or part-time operators which seems to contradict the finding that 

reliance on experience may be an impediment to planning.  All in all, the survey findings and previous findings 

indicate that operator perspectives on how climate change will impact their facilities and planning to prepare for 

climate change are complicated and the nuances are not yet fully understood. 

In Chapter 3, this study proposed that modeling T&O compound presence and PAC usage outcomes as a function 

of a single CMIP predictor variable would be one of the steps needed to move past the theoretical to planning to 

develop adaptation strategies to respond to T&O events under future climate change conditions.  Models were 

developed to determine the impact of climate change on the problematic seasonal T&O compounds and PAC 

usage to treat them for two Nashville, TN WTPs, the Omohundro WTP and the KR Harrington WTP.  Simple 

linear regression models were found to be insufficient in their performance to be used for predictions.  Logistic 

regression models met the performance criteria, indicating that these models could be used to predict potential 

climate change impacts.  It was also found that combining the analytical data for the two T&O compounds into 

a single variable would improve the PAC usage model.  This could be useful for plants that have compound 

analytical data since consumers would experience the combined T&O compounds when drinking the water.  

Further, it was shown that two types of cross validation hold-out data sets resulted in models that were similar 

in their performance criteria and, therefore, the models exhibited the ability to predict future events.  Finally, the 

model results were generally similar for the two plants indicating that template models may be usable to assist 

utilities in their planning efforts. 

Chapter 4 addressed predictions of T&O compound presence and PAC usage for two future time periods (2030-

2060 future mid-century and 2069-2099 future) using the developed models and CMIP ambient air temperature 

data.  The models were single variable logistic regression models using ambient air temperature as the 

independent, predictor, variable.  Limiting the predictor to ambient air temperature would have two advantages 

for water utilities.  First, the models developed for this project used CMIP projections for ambient air temperature 

in a straightforward and direct manner in comparison to existing, more complex models.  Secondly, PAC usage 

and ambient air temperature data are available to all plants that use this method of T&O treatment.  Developing 

methodologies that utilize data that are available to all utilities is important to ensure accessibility. 
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The predictions suggested that the season for T&O concerns and the need for PAC would be extended from the 

historic time period (1950-1980, historic) to the future time periods.  The overall predicted impact of climate 

change was found to an approximate 30% increase in PAC usage from the historic time period to the future time 

period.  However, the predicted impact was most likely an underestimate due to variables that were not 

considered as part of this study.  Moreover, the general similarity of the results for the two plants further 

confirmed that potential for development of modeling templates for regions or watersheds that would assist 

utilities, including smaller utilities, that need support.  According to the predictions, the utilities will face 

increasing challenges to meet consumer demands for high quality and safe drinking water as the prevalence of 

the seasonal unpleasant T&Os increase with climate change.  Consequently, it would be expected that utilities 

will face increasing risks associated with T&Os, such as customer dissatisfaction and loss of confidence and 

customers, and planning is needed to move toward climate adaptation. 

The utilities need information that will facilitate the assessment portion of the planning process and overcome 

their reluctance to start the assessments.  The methodology developed as part of this project provided a tool to 

communicate the need for climate change planning by showing utilities what the predicted impact will be.  The 

utilities can then evaluate if the predicted increases in PAC usage warrant further planning and preparation.  A 

coordinated effort of assistance to water utilities is recommended to provide safe and high-quality drinking water 

to communities as the climate changes.  It is important that preparations be made as needed to maintain operation 

of WTPs because these facilities are critical to maintaining healthy communities.  Further work is needed to 

provide utilities with training on the potential impacts of climate change on their plants and operations.  The 

operators may be right that the plants are well built, well operated, and adapt well to manage T&Os to the extent 

that significant improvements may not be deemed necessary in the near term.  However, if they are wrong, then 

providing them with education on the impact, as well as assisting with the planning, is needed to both confront 

and withstand the climate change and other potential water quality impacts to come.  The condition and quality 

of water resources utilized for drinking water in the future should be a consideration in the decision-making 

process and planning for the utilities to ensure that they can continue to provide safe, high-quality drinking water 

to consumers. 

The models developed for this study showed that it may be possible to model regions like a watershed or river 

system.  The case study presented is a best-case scenario, though, because the two plants are operated by the 

same agency, on the same river for their intake water, and their processes are similar.  It could be useful to be 

able to model regions such as watersheds for use by water utilities or other governing bodies such as state or 

federal agencies to determine if there are concerns regarding the changes expected under climate change 

conditions. 
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This project was a small step toward contributing to future resilience in the water sector in the face of climate 

change.  Several avenues of further research would expand the knowledge gleaned from the findings presented.  

Understanding the influences, such as size of the WTP, processes utilized, and respondent experience, on the 

perspectives of the WTP operators would provide additional insight into planning for future climate change 

conditions.  Continued efforts to understand the perspectives of water utility operators will lead to useful 

programs to assist them with planning and preparedness for climate change 

This study focused on engineering processes and the practical applications of models to assist with planning and 

decision support and the survey focused on the technical aspects of T&O management and the role that intake 

water sources played in the responses. Additional study, including social and behavioral science, would add to 

the understanding of how personnel perspectives (including political affiliation, personal identity, and 

ideologies) might shape the response to projected climatic and weather conditions and provide context on why 

some answers were chosen.  For example, the agreement with the statement that experience was important in the 

treatment of T&Os may indicate a belief in the expertise of personnel but could also be indicative of adhering to 

established beliefs that may be or become out of date with changing climatic conditions.  The concurrent 

agreement that treating T&Os is more an art than a science raises questions about several aspects of WTP 

operations.  Of primary concern is the use of scientific methodology to test and track operations in a reproducible 

and transferrable manner to ensure that both valuable experience and confirmed methods are used at the WTPs 

to face the projected challenges that they will face.  Furthermore, a longitudinal survey could shed light on 

changes in perspectives over time, as well as, changes that may occur as the mid-century time period of 2030-

2060 approaches and what is seen by many as being far in the future becomes more present in mindsets. 

Further research into modeling the relationships associated with T&O compound treatment could enhance the 

predictive capability.  Logistic regression modeling provided a method to understand the potential impact of 

climate change on the treatment of T&O compounds using PAC, but the method has limitations. Quantitative 

values for PAC and T&O compounds were converted to qualitative outcome binary values, resulting in a loss of 

information on the amount present or used that corresponded to the dependent variable.  In addition, this project 

did not take uncertainty or variability in the model coefficients, or climate projections into account.  Variability 

was addressed in the calculation of projected PAC usage based on PAC equivalents which showed that, for one 

plant, the impacted of climate change could range from 21% to 42% depending on whether minimum, average, 

or maximum PAC equivalents were used.  Future research using methods that include the uncertainty and 

variability would add to the understanding of the changes in PAC use.  Another avenue of future research would 

be utilizing additional modeling methods.  Addition linear regression modeling techniques, such as splines, could 

be investigated to determine of linear regression would be useful modeling technique.   Simple models, linear 
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regression, logistic regression, or other methods could be developed for the second CMIP variable, precipitation, 

along with further modeling of both variables to improve the models by taking more variables into account. 

Finally, application of the methodology presented in this dissertation to additional WTPs and watersheds could 

provide information on its usability and continue the work to develop template models. 

Planning is a key component of preparing for the expected changes in the weather that is currently occurring and 

will continue to occur, resulting in changes in surface water quality and the T&Os experienced at the WTPs.  

The findings of this study add to the knowledge on WTP operations by providing new information on operator 

perspectives and a methodology to predict changes in T&O compound occurrence and PAC usage that can 

facilitate preparation for the future.  Preparation for future conditions impacting the operations at WTPs is 

component of maintaining resilience and is critical to maintaining the resilience of the drinking water 

infrastructure that is important for the resilience of every community. 
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Figure A -  1. Respondent WTP primary intake water source. 
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Figure A -  2. WTP treatment capacities in m3/s. 
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Figure A -  3. The number of persons served. 
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Figure A -  4.  Tastes experienced by the respondent WTPs. 
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Figure A -  5.  Odors experienced by the respondent WTPs. 
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Figure A -  6.  The frequency of taste and events as reported by the respondents. 
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Figure A -  7.  The frequency of taste events stratified by the intake water sources. 

  

0
10
20
30
40
50
60
70
80

GW/Springs Surface Water

Pe
rc

en
t

Never Infrequently Frequently All the Time

0
10
20
30
40
50
60
70
80
90

River/Stream Lake/Reservoir

Pe
rc

eb
t

Never Infrequently Frequently All the Time



125 

 

 
 

 

Figure A -  8. The reported the odor event frequency stratified by the intake water sources. 
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Figure A -  9. The level of concern reported by the respondents. 
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Figure A - 10.  Improvements selected by the respondents. 
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Figure A - 11.  Planning for future T&O management was included in the WTP management plan. 
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Figure A - 12. The respondents reported if they had concerns about future chemical and material supply chains. 
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Figure A - 13. The respondents were asked if T&O treatment would be a problem in the future. 
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Figure A - 14. The respondents were asked if they agreed that experience is most important in responding to taste 
and odor events, which is more an art than a science. 
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CMIP Data – Climate Projections 
 

 
 

 
Figure A - 15. Screenshot of the site location for accessing CMIP data using the FHWA Tool (ICF International & 
USDOT, n.d.). 
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Table A -  1.  Fisher’s Exact Test for Significance Results. 

FET p-value FET p-value

QUESTION
Groundwater vs 
Surface water

River/Stream vs 
Lake/Reservoir

What is your Plant's treatment capacity in mgd? 0.0005365 0.8712
Approximately how many people do you serve? 0.0005324 1

Does your Plant experience taste events? 4.28E-05 0.9239
Does your Plant experience odor events? 1.27E-05 0.3591
To what extent do you think that taste and odors are a 
concern? 0.7496 0.3749

Tastes Observed
Metallic 0.07201 0.6892
Organic 0.01794 0.5134
Bitter 1 1
Sour 1 1
Sweet 1 1
Salty 1 1
Chlorine 0.2391 0.3555
Medicinal 1 0.3111
Musty 8.34E-05 1
Other 0.5079 1
Not Applicable 0.0001104 1
Don't Know 1 1

Odors Observed
Musty 5.95E-06 0.5283
Earthy 0.0001309 0.753
Fishy 0.3914 0.6394
Chlorinous 1 0.008212
Grassy 0.07525 0.6485
Swampy 1 1
Septic 1 1
Sulfide/sulfurous 0.2265 1
Medicinal 1 1
Chemical 1 0.2936
Petroleum 1 0.2936
Other 1 0.2936
Not applicable 0.002509 0.6394
Don't Know 1 0.6394

Improvements 
Our Plant needs a model of when and how to respond to 
taste and odor events 0.2618 1
Improved predictions for when taste and odor events will 
begin and end 0.03723 0.4069
Improved predictions for how much chemical to add for 
reducing taste and odor issues 0.03946

0.6976
New and additional treatment method(s) to address taste 
and odor issues 0.2912

0.08059
Improved operational procedures 0.2912 1
Additional or improved in-line monitoring of our source 
water 0.008601

0.6976
Other 1 1
Not applicable 7.80E-05 0.7378
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Table A - 2.  Changes over time for all respondents and stratified by intake source. 
 
 

 
 
Table A - 3.  Changes over time stratified by the type of surface water.   

% of Respondents
All Respondents Groundwater Intake Source Surface Water Source

Survey Question True False Not Sure NA True False Not Sure NA True False Not Sure NA
The weather has been changing in my area. 34 27 11 27 14 38 7 41 49 22 14 16
The quality of our intake water has been changing over 
time. 15 52 10 23 0 52 7 41 26 53 13 8
The quality of our intake water changes with weather 
conditions. 49 25 3 23 7 45 7 41 82 11 0 8
We are having to change our approach to treating taste 
and odors because the water quality of our intake water 
has changed. 8 51 7 34 3 34 7 55 11 66 5 18
The time period of our taste and odor events has been 
changing. 8 54 8 30 0 34 14 52 8 74 5 13
Our taste and odor treatment efficiency has changed. 11 56 6 27 0 41 10 48 18 68 3 11
Taste and odor events are lasting longer. 8 61 7 24 0 48 7 45 11 76 5 8
Taste and odor events happen more often now than in 
the past. 6 66 7 21 0 48 7 45 8 84 5 3
Taste and odor events have been starting earlier in the 
year than they did in the past. 6 62 8 24 0 41 14 45 5 82 5 8
Taste and odor events have been getting worse over the 
years. 6 63 10 21 3 45 10 41 8 82 8 3
It's harder to treat taste and odors now than it has been 
in the past. 6 65 8 21 0 45 14 41 8 82 5 5

% of Respondents
River/Stream Intake Source Lake/Reservoir Intake Source

Survey Question True False Not Sure NA True False Not Sure NA
The weather has been changing in my area. 54 18 11 18 33 33 22 11
The quality of our intake water has been changing over 
time. 29 50 14 7 20 60 10 10
The quality of our intake water changes with weather 
conditions. 82 11 0 7 80 10 0 10
We are having to change our approach to treating taste 
and odors because the water quality of our intake water 
has changed. 11 68 4 18 10 60 10 20
The time period of our taste and odor events has been 
changing. 11 71 4 14 0 80 10 10
Our taste and odor treatment efficiency has changed. 21 61 4 14 10 90 0 0
Taste and odor events are lasting longer. 11 71 7 11 10 90 0 0
Taste and odor events happen more often now than in 
the past. 7 82 7 4 10 90 0 0
Taste and odor events have been starting earlier in the 
year than they did in the past. 4 79 7 11 10 90 0 0
Taste and odor events have been getting worse over the 
years. 7 79 11 4 10 90 0 0
It's harder to treat taste and odors now than it has been 
in the past. 7 79 7 7 10 90 0 0
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Table A - 4.  Predicted probabilities. 

Assigned Omohundro WTP KR Harrington WTP
Year Month MIB Geosmin M+G PAC MIB Geosmin M+G PAC

Observed 1950-1980 (Final)
1965 January 0.0427 0.0203 0.0353 0.0803 0.0292 0.0122 0.0182 0.0516
1965 February 0.0560 0.0283 0.0485 0.0998 0.0397 0.0183 0.0269 0.0689
1965 March 0.1698 0.1115 0.1738 0.2423 0.1413 0.0994 0.1311 0.2118
1965 April 0.5174 0.4698 0.5845 0.5683 0.5102 0.5446 0.5935 0.6010
1965 May 0.7934 0.8007 0.8610 0.7959 0.8125 0.8851 0.8955 0.8527
1965 June 0.9276 0.9438 0.9616 0.9141 0.9435 0.9780 0.9784 0.9535
1965 July 0.9607 0.9730 0.9814 0.9475 0.9717 0.9912 0.9909 0.9757
1965 August 0.9563 0.9694 0.9789 0.9429 0.9681 0.9897 0.9895 0.9728
1965 September 0.9111 0.9281 0.9509 0.8990 0.9286 0.9699 0.9709 0.9421
1965 October 0.6295 0.6040 0.7039 0.6613 0.6347 0.6972 0.7308 0.7080
1965 November 0.2325 0.1663 0.2480 0.3088 0.2031 0.1625 0.2054 0.2878
1965 December 0.0707 0.0375 0.0633 0.1212 0.0518 0.0259 0.0373 0.0871

Study Period 2007-2016
2012 January 0.0454 0.0219 0.0379 0.0846 0.0314 0.0134 0.0199 0.0549
2012 February 0.0816 0.0448 0.0747 0.1364 0.0610 0.0322 0.0458 0.1008
2012 March 0.3145 0.2456 0.3472 0.3912 0.2882 0.2608 0.3140 0.3847
2012 April 0.6216 0.5947 0.6979 0.6550 0.6265 0.6903 0.7253 0.7029
2012 May 0.8580 0.8728 0.9127 0.8489 0.8778 0.9364 0.9407 0.9029
2012 June 0.9618 0.9737 0.9819 0.9479 0.9725 0.9914 0.9911 0.9762
2012 July 0.9709 0.9808 0.9867 0.9574 0.9796 0.9940 0.9938 0.9819
2012 August 0.9701 0.9803 0.9863 0.9568 0.9790 0.9939 0.9936 0.9815
2012 September 0.9199 0.9361 0.9564 0.9052 0.9364 0.9739 0.9745 0.9478
2012 October 0.6517 0.6315 0.7292 0.6796 0.6600 0.7299 0.7604 0.7312
2012 November 0.2629 0.1947 0.2847 0.3403 0.2342 0.1970 0.2444 0.3242
2012 December 0.1058 0.0621 0.1011 0.1687 0.0824 0.0487 0.0671 0.1310

Future 2030-2060 (Final)
2045 January 0.0827 0.0456 0.0759 0.1381 0.0620 0.0330 0.0467 0.1020
2045 February 0.0981 0.0561 0.0925 0.1574 0.0752 0.0425 0.0595 0.1220
2045 March 0.2628 0.1946 0.2846 0.3405 0.2341 0.1969 0.2444 0.3242
2045 April 0.6640 0.6461 0.7407 0.6897 0.6733 0.7442 0.7727 0.7415
2045 May 0.8885 0.9054 0.9353 0.8782 0.9075 0.9572 0.9592 0.9258
2045 June 0.9633 0.9753 0.9829 0.9512 0.9739 0.9922 0.9919 0.9776
2045 July 0.9822 0.9896 0.9927 0.9728 0.9884 0.9973 0.9970 0.9895
2045 August 0.9822 0.9896 0.9927 0.9728 0.9884 0.9973 0.9970 0.9895
2045 September 0.9622 0.9744 0.9823 0.9503 0.9730 0.9918 0.9915 0.9770
2045 October 0.7999 0.8076 0.8653 0.8036 0.8187 0.8891 0.8989 0.8573
2045 November 0.3859 0.3205 0.4325 0.4552 0.3650 0.3567 0.4129 0.4637
2045 December 0.1347 0.0834 0.1333 0.2036 0.1083 0.0694 0.0940 0.1680

Future 2069-2099 (Final)
2084 January 0.1318 0.0814 0.1301 0.2007 0.1058 0.0677 0.0916 0.1641
2084 February 0.1656 0.1080 0.1688 0.2390 0.1373 0.0955 0.1264 0.2067
2084 March 0.3749 0.3087 0.4197 0.4462 0.3530 0.3416 0.3979 0.4523
2084 April 0.7877 0.7940 0.8559 0.7917 0.8065 0.8796 0.8906 0.8480
2084 May 0.9410 0.9562 0.9700 0.9282 0.9552 0.9840 0.9840 0.9628
2084 June 0.9829 0.9901 0.9930 0.9742 0.9890 0.9975 0.9972 0.9901
2084 July 0.9913 0.9956 0.9968 0.9849 0.9949 0.9991 0.9989 0.9951
2084 August 0.9917 0.9958 0.9970 0.9855 0.9951 0.9991 0.9990 0.9953
2084 September 0.9826 0.9899 0.9929 0.9736 0.9887 0.9974 0.9971 0.9898
2084 October 0.8963 0.9132 0.9406 0.8875 0.9147 0.9616 0.9632 0.9317
2084 November 0.5461 0.5038 0.6171 0.5928 0.5424 0.5864 0.6322 0.6305
2084 December 0.2111 0.1472 0.2227 0.2894 0.1818 0.1402 0.1795 0.2627
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