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Abstract

The goals ofdrinking water quality monitoring are to assure the safety of water for
consumers and to monitor the performance of treatment processes. Water samples are
routinely collected from water treatment works (WTWSs), service reservoirs and
customer sO0 t ap syses e conaucttgde for gliysica, nclaemical and
microbiological parameters; including water temperature, free and total chlorine, and
bacterial enumeration. Drinking water quality in England and Wales is very high, with
99.96% compliance with the Regulatisn 2011 (Drinking Water Inspectorate, 2012).

Of the failures thahre measuredapproximately half are for bacteriological parameters:
coliforms, Escherichia coli, Clostridium perfringens and Enterococci (UK Water
Industry Research, 2006).

The aim of tls research was to improve the outcomes of root cause analyses in the
event of bacteriological failures and inform future compliance initiatives. It has
focussed onexplaining norcompliances thatvere observedi nder &énor mal 6
conditions, that isthose that were not related teportedpipe bursts, severe weather
events or major disruptions to WTW processes. This makes the findings of this work

applicable to the greater part of water company operating periods.

This research has analysed the faildata for 218 bacteriological n@ompliances
between 2008 and 2011 fraime partnetJK water company. One third of these failures
were from WTWSs or service reservoirs. Coliforms were the most commonly detected
indicator organism and often fewer thancblony forming unitsLOOmI™ were counted.

The majority of failures hadho cause identified; this meatitat no action could be
taken to prevent a future failure. It was observed that none of the routinely measured
parameters alone (free chlorine, turbidivater temperature, etc.) is a suitable predictor
for bacteriological quality and that even with water quality parameters within normal
ranges at the time of sampling, Roomplianceswere still detected Thus, the

development of more effective investtgry tools is needed.

Crosscorrelation and selbrganising maps (SOMs) were used to determine whether on
line water quality data could be usedimdorm root cause analyses bécteriological
failures at WTWs andhereby protect the quality of water imeservoirs and at

customersd taps downstream. This researc



analyses for this purpose. Crassrelation is a measure of the similarity of two
variables as a function of the time lag between them. SOMs enahtietidication of
correlations among more than two parameters (without the time element) and help to
account for the fact that several parameters may be involved at once in bacteriological
compliance. These tools were used to improve the root causeiamdlygTW failures

at two sites operated by the partner UK water company. The tools required the raw data
to be manipulated prior to analysis, which was considered their principal weakness.
Nevertheless, the use of crassrelation and SOMs highlighteddhi risk water quality
conditions and issues with the operation of the WTWs in the periods preceding the
bacteriological failures. The outcomes of the analyses show that these tools can resolve
root cause analyses where no cause could be identified thrtdwghroutine

investigations.

The costs of bacteriological failures to thartnerUK water company were calculated

for the first time. The average costs were an order of magnitude larger than the company
had been using in their financial forecasts. The afsaccurate costs ensures realistic
projections and prevents monetary losses from regulatory operations. The method that
was employed has promise for use by other waderpaniesand in other countries that

have the same or similar investigatory requiretaein the event of bacteriological

failures.
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1. Introduction

1.1. Background

Bacteria are ubiquitous in environmental media: air, soil, and water, and are present in
the digestive tracts of higher organisms. Rainfall, {slijas, atmospheridepositionand
ingress can transfer bacteria to surface waters and groundwaters usedces &ou
drinking water production (Lester and Birkett, 199%he extent of the treatment
required to make water safe for consumptiepends otthe quality of the source water,

key treatment processes for the removal of bacteria include clarification (with
coagulation and flocculation) and filtration. Disinfection is the final process in water
treatment and is intended to inactivate pathogens before they enter the distribution
system (Parsons and Jefferson, 2006). The distribution system conveys drinking water
from the water treatment works (WTW) to the consumer via pipes, service reservoirs

and disinfection booster stations.

The Worl d Health Or gani esdor DriokngmaWH®) Queap a
states that the primary concern of water companies across the world continues to be that
of managing microbial hazards to deliver safe drinking water (World Health
Organization, 2004). It is also asserted that a systematioagh to water supply is
required to ensure microbial safety. The WHO recommends muduiltgskger risk
management practices beginning with source water protection, through appropriate and
well-operated treatment steps, to management of the distribustensyo maintain and
safeguard water quality. The Drinking Water Directive requires that water intended for
human consumption is 6wholesome and cl ea
any microorganisms and parasites and from any substances whidumbers or
concentrations, constitut €Councilfdhe Eunopeara | d
Communities, 1998)

Waterborne disease is a global phenomenon. Cholera and typhoid are still epidemic
across the developing world, largely due to contemteid drinking water sources and
inadequate treatment. In the Western world, waterborne pathagdonsgerrepresent

the community risk that is found in the developing woltkvertheless, gghogenic
Escherichia coli Campylobacter jejunand Yersinia ergrocolitica causediarrhoeal
disease, which in the young, elderly and immoompromised can result in death
(Crittendenet al, 2005). It is thus important to monitor water quality to protect
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consumersPathogens are rarely isolated from drinking water wutheir low numbers

under normal circumstances. For this reason, microbiological quality monitoring

focuses on indicator organisms (Lester and Birkett, 1999). ifoigampling and

analyss are conducteat WTWSs, service reservoirs and through randomps@dt-of-

use (customer tap) sampling. The indicator organisms that must be measured under
European Standards af coli a n d Enterococci ; and I n many
moni toring requi r e melostridduin peafringensgnd ooliforrd e d for
bacteria The genera that are classified as coliforms incliigtiauxellg Citrobacter,

Enterobacter Escherichia Hafnia, Klebsiellg Leclercia Pantoea Raoultellg Serratia
andYersinia(Standing Committee of Analysts, 2008)psitive results in these analgse

are indicative of faecal or environmental contamination of treated water and thus all

four parameters have prescribed values o€l per 100 ml. Trend analysis is carried

out through heterotrophic plate counts (HPCs) at 22 andl G7 and any Oabnorn
changedé requires i nvestigation by the water
determined based on public health considerations and an overall risk af@benil

of the European Communities, 199Rputine bacteriological testing is based on culture

techniques.

Bacteriological quality failures are rare in England and Wales; annual reports of quality

compliance are made to the Drinking Water Inspectorate (DWI). The DWI report for

2009 (Drinking Water Inspectorate, 2010) observed that of the qualityrefiin

England and Wales the majority were due to failures in water treatment psooes$se

bacteriological parametr s . The DWI report i's critical of
approach to these failures. UK Wat er l ndustr
Coliforms in Drinking Water6é report (2009) o0b
in England, Wales, Scotlarmhd Northern Ireland tdetectionsof coliforms, E. coli,

Enterococci andC. perfringensn routine analyses. They commented that although all

companies responded immediately to investigate the origins of bacteriological test

failures, the investigations exe not always conclusive and many investigations were

closed with the cause unknown. As a result, it meant that actions to prevenntirture

compliance could not be taken. If water companies do not know where their
bacteriological contamination is comnginfrom, they cannot practively protect

consumers and thus their response can only ever be reactive.



This project was commissioned as part of the STREAM Programme to provide insight
into the causes of, and factors impacting, bacteriologicaicoampliarce and to evolve
guidance for the water industry to prevent failures.

1.2. STREAM Programme

The STREAM Programme is the Industrial Doctoral Centre for the Water Sector and it
is funded by the Engineering and Physical Sciences Research Council and esmpani
who sponsor the research projects. The Programme is delivered by five UK universities
with centres of excellence in water science and engineering: Cranfield University,
Exeter University, Imperial College London, Newcastle University and the University
of Sheffield.

This research project was sponsored by Severn Trent Water Ltd. (STW) in collaboration
with the University of Sheffield, Imperial College London and the author. The
STREAM pr oj ect title was O6éTowards Zeano Ba

Syst emsoé6.

1.3. Severn Trent Water
STW delivers 1.9 billion litres of drinking water every day to 7.4 million customers.
They operate and maintain 141 WTWs, 485 service reservoirs and 46,000 km of water

mains (Severn Trent Water, 2013).

Severn Trent \Wlter has a business target of zero water quality failures in distribution
systems in its 2fear plan (Severn Trent Water, 2010). The company exhibits near
excellent compliance with regulations. Of the water quality failuresatteabbserveda

greater poportion is for microbiological parameters. For this reason, STW have made

significant investment in this research.

1.4. Thesis structure

Chapter 2 provides an overview of techniques for the detection and enumeration of
indicator bacteria and the abilibf these to inform root cause analgsdhe potential
sources for indicator organisms and modes for their survival in the distribution system
are explored with the aid of an illustrative distribution syst&éhe chapter concludes

with the researchugstiors upon which the remaining thesis is based.



Chapter 3 investigates sppta mp | i ng dat a f or  Scoripbascesbact er i ol
at WTW final s, ser vi ce between@00& amd 20KThapterd cust o me
4 determines the cost tfesefailures toSTW. It includes an overview of sanctions for

failures administered by the Ukogv e r n me nt 6WaterOf f i ce f or

Chapters 5 and 6 study two WTWSs which have experienced multiple bacteriological
failures. They analyse spsampled and archived dime monitorng datausing cross
correlation and selérganising mapgo provide insight into the factors that affected
compliance at these sites. Chapter 5 utilises data from the final monitoring point only,

whilst Chapter @&lso analysethroughplant data.

Chapter7 assesses the merit of the project to STW in terms of research findings and

value for money.

Chapter 8 draws togetherettkey findings of this researciGhapter 9 evaluates the
answers to the research questjarsd Chapter 10 lays out recommendatiomsSoW,

the water industrand research organisations

1.5. Remit

For the purpose of this research, water quality compliance in the distribution system
included sampl es from WTW final s, service r
samples of interest wereutine samples, and data from investigations and surveys were

excluded.

The microbiological monitoring focussed on colifornts, coli, C. perfringensand
Enterococci. Data for HPCs were included with reference to the indicator parameters,
but those for ocysts (for exampleCryptosporidiunsp.), amoebae and algae were not.

The failures studied in this project haveen detectedinder Mormab operating

conditions and were not relatedriportedpipe burstssevere weather events or major

disruption to WIW processesd Nor ma | 0 p e r ameans that wabengliality i on s
parameters, such as free chlorine and turbidity, were within acceptable limits; and in the

di stribution system, 0 nThe ontwdmés of timscworkgree s undet e

therefoe, applicable to the greater part of water company operating periods



Chapters 5 and 6 have focussed on the quality of treated water leaving the WEW. Th
focus on WTWs was fothree reasons: 1l)the quality of water as it enters the
distribution system is aignificantfactor in the quality of water at downstream service
reservoirs an;dandc2u WTWsrhave thé highestpdensity oflioe

monitors and thus provide greater scope folyaigmthan service reservoirs district
metering ar eas n e afurthermoset tleeramalytead toots have leeent | e
applied to bacteriological water quality data for the first time and it was important to
limit the number of potential causagihagents; at WTWSs, these could be poor raw water

quality, reduced treatment efficacy and inadequate disinfection.

1.6. List of publications

The following publications have been produced over the course of this project:

1. K Ellis, B Ryan, M R Templeton andC A Bi ggs. (2012) .
Bacteriological Water Quality Compl i anc
Fricker (eds.). The Significance of Faecal Indicators in Water: A Global
PerspectiveCambridge: Royal Society of Chemistry.

2. KElis,BRyan, MR Tem!|l et on and C A Biggs. (2013
Quality Compliance and Root CausMaterAnal vy
Science and Technology: Water Supply (4), pp 1034.045.

3. K Ellis, S R Mounce, B Ryan, M R Templeton and C A Biggs. (la Brs ) . 6Us e
Onl i ne Water Quality Monitoring Data t
Procedia Engineerinig 12" International Conference on Computing and Control for

the Water Industry.

Papers 1 and 2 were based, in part, on the work in Ctaptet Paper 3 was derived

from the work in Chapter 5.



2. Literature Review

2.1. Introduction

Access to clean, safe drinking water is something that is takegrdoted in much of

the Western wrld; yet it is responsible for vast improvements in humaaltheand
well-being. Globally, in 2010, approximately &® of the population had access to an
improved drinking water source (UNICEF and World Health Organization, 2012). Even
so, it is estimated that one quarter of all hospital beds worldwide are ocdupied
patients suffering from a waterborne infection (Straub and Chandler, 2003). The
practices that have enabled, and continue to enable, improvements in public health are
sourcewaterprotection, water treatmeand distribution operation and maintenance of
water treatment works (WTWs)aterquality monitoring and training and education of
practitioners (Szewzykt al, 2000; Parsons and Jefferson, 2006).

The goals of water quality monitoring are desure the safety of drimg water for

consumersand tomonitor the performance of treatment proces¥eéater samples are
routinely collected from WTWs, service reser
analyses are conducted for physical, chemical and microbiological parameters;

including water temperature, free and total chlorine, and bacterial enumeration.

Drinking water quality in England and Wales is very high, with 99@6ompliance

with the Regulations in 2011 (Drinking Water Inspectorate, 2012). Of the failures that

are cetected approximately half are for bacteriological parameters (UK Water Industry

Research, 2006). It is important to note, that in the Western world, drinking water is not

deemed to be a significasburce of bacteria in the diggpresenting 0.048 4.5% of

an individual 6s t oUSA(Stindenat, R0O5).btiadet al.(B005a ke i n t he
showed that the greatest numbers of heterotrophic plate count (HPC) bacteria and total

coliforms were found on raw fruits and vegetables.

The most basic miobiological monitoring tool is the HPQL is used for monitoring
from a widerange of substrates, includirdyinking water (Ramalhoet al, 2001;
Srinivasanet al, 2008; Francisquet al, 2009) environmental wate(Hoefel et al,
2003) and foodstuff¢Stineet al, 2005).Heterotrophic microorganisnrequireorganic
carbonfor growth andnclude bacteria, fungi and protozdéhere are a variety of HPC
tests, but they all usggar gelscontainingorganic carbor{Bartramet al, 2003). HPCs
are used as #road indicator of the microbiological quality of a sampled for
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detecting significant changes from the normal treod that sampling location
(Francisque et al, 2009 Standing Committee of Analysts2012. Regulatory
bacteriological mortoring focuses on indicator organisms, because pathogens are rarely
isolated from drinking watedue totheir low numbers under normal circumstances
(Lester and Birkett, 1999)The World Health Organization states that a good
bacteriological indicator of alecal contamination has the following qualities: the
organism is universally present in the faeces of humans and-waatted animals in

large numbers; it is easily detected using simple methods; it does not grow in natural
waters, the general environmamt in water distribution systems; it persists in water;
and the extent to which it is removed by water treatment processes is similar to that of
waterborne pathogens (World Health Organization, 1996). The principal bacteriological
indicatorsin drinking waer are coliforms,Escherichia coli Clostridium perfringens

and Enterococci (Standing Committee of Analysts, 2002).

Coliform bacteria are a broad group of microorganisms that can be found in soill,
decaying vegetation, water and faeces. Their presence does not always indicate a threat
to health, butmay indicate inadequate treatment or disinfection at the WTsboeach

in the distribution systenk. coli are considered to be exclusively faecal in origin, and
someE. colistrains are pathogenic. Enterococan occur naturally in faeces atd not
multiply in the environment, but their numbers ameall compared t&. coli bacteria.

C. perfringenscan persistin the environmenfor longer than coliformsk. coli and
Enterococci through the formation of spores. Theyfawed in faeces in much smaller
numbers tharthe other indicatotsTheir correlation withthe presencand quantity of
pathogen$as not bee proven(Standing Committee of Analysts, 2002). Positive results
in analyses fothese bacterigignify environmental or faecal contamination of treated
water and all four parameters have sorébed values okero colony forming units
(CFU) 100 mf* (Council of the European Communities, 1998). Similegulatory
requirements exist throughout the developed wdrable 1 shows high compliance for
coliforms ancE. coliin countries of the UK and the Republic of Irela@&rmany, New
York City and the province ofOntariq Canada The rare occurrencef reported
drinking watefrelated disease outaks in the Westenvorld makest more difficult to

develop tools and techniquies the further improvement of compliance



Table 1. Recent oliform and E. coli compliance data from developed world regions that use
chlorination as their principal mode of disinfection

Coliforms E. coli
No. Total No. % No. Total No. %

Detections Samples Compliance Detections Samples Compliance  Year
England and Wales 554 527607 99.895 42 527300 99.992 2011
(Drinking Water Inspectorate, 2012)
Northern Ireland 49 58553 99.916 6 58553 99.990 2011
(Drinking Water Inspectorate for Northern Ireland, 2012)
Republic of Ireland 854 15304 94.420 46 15304 99.699 2010
(Office of Environmental Enforcement, 2011)
Scotland 128 32500 99.606 2 32498 99.994 2011
(Drinking Water Quality Regulator for Scotland, 2012)
Germany 549 80297 99.316 59 80214 99.926 2009
(Bundesministerium fir Gesundhgt011)
New York City 45 9944 99.547 0 9944 100.000 2011
(Bloomberg and Strickland, 2012)
Ontario 455 230045 99.802 26 230033 99.989 2010-11
(Stager, 2012)

Monitoring for indicator bacteria is currently reliant on cultbessed methods, which

are cheap and easy, but take at leash 24 generate a result. It is estimated that
between 0.1 and 1% of microorganisms can be enumeratethgissuch methods
(Osborn and Smith, 2005; Berey al, 2006). Research has shown that protozoan and
viral pathogens have been detected in waters from which indicator bacteria were absent
(Straub and Chandler, 2003). Furthermore, there have been queaismts about the
suitability of culturebased methods for monitoring stressed bacteria in drinking water,
but thus far, the development of suitable alternatives is in its infancy (M@tdh

2012). Many newer monitoring tools, for example those basegolymerase chain
reaction (PCR), have been able to provide insight into the sources and survival of
indicator bacteria in drinking water (Pitkanenal, 2008).

The aims of this review are: to identify the tools and techniques for detecting indicator
bacteria in drinking watemand to understand how these bactenéger,survive in and

spread througlvaterdistribution systers

2.2. Method
This review demonstrates current knowledge and investigative techniques for
addressing bacteriological concerinswater distribution systems. Papers and reports

were gathered from ScienceDirect, U. S. National Library of Medicine (PubMed), and
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Figurel shows a supply line from a WTW to a service reservoir and marks tteket

to consumers along the way. It also identifies the pipeline materials and thesksd
between the WTW and the service reservoir. This review will assumehtrat has

been a coliform detectiofwater quality failure)at the service reservoir. The different
bacteriological monitoring techniques, potential sources of indicator bacteria and modes

for their survival in the distribution system will be explored wéference td-igurel.

900 mm ductile iron L ) )
pipe to town and another Distribution service reservoir

>

service reservoir

Water treatment works

I -
River intake M Factory

Figure 1. Schematic of a simple supply line andurrounding land-use.

2.3. Bacteriologicalmonitoring

There are a number of potential sources for the failure at the reser¥oguire 1: the

raw water could have suddenly becohighly contanmated treatment at the WTW
could have failed and coliforms in the raw water could have passed into ;stiply
pipeline could be damaged, in which case the coliforms could have come via ingress
from either of the farms, the woodland, or the villagige innate bacteriological
community could have been disturbede tsample tap could have been contaminated

or, there could have been poor hygiene practices during sampling or analysis.
Determining the potential sources of indicator bacteria in drinking veatemples is

crucial to being able to prevent future quality failures.



There aretwo broad groups of tools that could be applied to the identification of
microorganisms and their source: phenotypind genotypic (Scottet al, 2002).
Phenotyping methodare based on classification of microorganisms on the basis of
traits expressed or physical characteristics; the majority of routine cbhses
methods are phenotypic. Genotyping tools separate out bacteria by genepaeaes s

on the basis of their dggribonucleic acid (DNA); these techniques include PCR and
geneprobe luminescence. To date, with the exception of routine bacteriological water
quality tools, these techniques have been applied most successfully to point source

pollution of natural water@JS Environmental Protection Agency, 2005).

2.3.1. Phenotyping
The routine bacteriological monitoring techniques are all phenotypic. They rely on the
use of specific media and confirmation tests to enumerate only the bacteria of interest.

These methods are simple to conduct and the results are easy to interpret.

The most basic microbiological monitoring tool is the HREst Heterotrophic
microorganisms use organic compounds as their energy sources. HPCs can include
bacteria, fungi and protozoa (Bergt al, 2006). These organisms grow on media
enriched with carbort@ous compounds and they are incubated at 22 af@.3Ithe
original use for this monitoring technique was for public health reasons: if more
microorganismgrew at 37°C than at 22C, the water was considered to be impacted

by faecal pollution (Water Rearch Centre, 1976)High numbers of HPC
microorganismsnay not necessarilgresent a risk to public heal{Allen et al. 2004;
Sartory, 2004)However, ounts in excess of 500 CFU tan interfere with coliform

andE. colienumeration, especially whemembrane filtration methods are ugédien

et al, 2004) For some microorganisms, for example those from oligotrophic
environments, such as are found in drinking water distribution systems, these media can
be both too rich and lacking in mieratrients thereby inhibiting growth (Reasoner and
Geldreich, 1985). Some researchers have found that usingté#éBGnstead of direct
counting (micoscopic) methods undestimats the microbiological load by a factor of

500 (McCoy and Olson, 1986). However, Rahnmakt al. (2001) found that direct
counting and culturbased techniques gave similar results when testing bottled drinking
waters. Hoefekt al. (2003) observed thabrrelationdbetween direct counting methods

and HPCswereinconsistent; this means thambers ofviable microorganismsannot

be reliably extrapolated from HPCs.
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Analyses for coliforms ané. coli are the most important routine tests conducted on
drinking water samples. Coliform bacteria are oxidasgative, produce acid from
lactose or ep r e gyaactdisidase at IT. The genera that are classified as coliforms
include: Buttiauxellg Citrobacter, Enterobacter Escherichia Hafnia, Klebsiellg
Leclercig Pantoea Raoultellg SerratiaandYersinia E. coli are also oxidaseegative,
produce aci d fr ongaldctesldse sueat 4Cy ancetkey predace b
indole from tryptophan (Standing Committee of Analysts, 20B9oli have a strong
potential to survivéong-term starvation conditions, &gpically found in drinking water
distribution systems (Szewzykt al, 2000). There are two groups of methods for
enumerating these microorganisms: membrane filtration techniques and most probable
number (MPN) techniques. The former are suitable for lowmtdium turbidity
samples, whilst the latter can also be used wtbre turbid samples (Standing
Committee of Analysts, 2009).

The membrane filtration methods are: two membrane filtration technique using lauryl
sulphate broth or agar incubated at 37 addGt and single membrane filtration
technique using membrane lactose glucoronide agar incubated °@. For both
methods, an aliquot of water sample, usually @00is filtered through a cellulose
membrane of 0.4 m pore si ze. I n odhboth membraneseareb r a r
incubated for 4 at 30°C and then one is transferred to a’@7incubator and the other

to a 44°C incubator for 14. The colonies of both coliforms amld coli are yellow in
colour; those that grow at 3T are presumptive colifms, whilst those that grow at

44 °C are presumptive. coli. In the single membrane method, the cellulose membrane
is placed on lactose glucoronidgarand incubated for 4 h at 3€ and then 14 h at
37°C. As in the previous method, coliform colonie® arellow in colour.E. coli
bact er i a-glucaronidasec¢ vehichbgives their colonies a green colour (Standing
Committee of Analysts, 2009).

The MPN methods are: multiple tube MPN technique using minerals modified
glutamate medium incubated at ¥7; and defined substrate MPN technique incubated
at 37 °C. The minerals modified glutamate medium is a liquid medium containing
lactose and bromocresol purple; bromocresol purple changes to yellow when the
solution is acidic and this confirms the presenceatforms orE. coli. In the defined
substrate met ho d-galactositasef and aryellowpcoloud trough the
enzymatic breakdown of orthatrophenytb-D-galactopyranoside, artel. coli produce
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b-glucoronidase and both a yellow colour and bidete fluorescence under ultraviolet
light through the enzymatic breakdown ofethylunbelliferytb-D-glucoronide. The
defined substrate MPN technique is regarded as highly specific for colifornts eold

and confirmation tests are not usually requii®@nding Committee of Analysts, 2009).

Coliforms and thermdolerant coliform bacteria can be confirmed by testing for lactose
fermentation and the production of acid in lactose peptone water at batid 34°C
which indicat e -Hdiadosigaseeszgne,card fa the abderee db the
oxidase enzymek. coli can be confirmed similarly, but with the inclusion of a test for
indole production in the tryptone water at42l Other tests enable the direct detection
o f -gafactosidase at 3hd 44°C and indole production at 4€ by growing colonies

on nutrient agar supplemented with tryptone and with a disc containingrottbphyl

b-D-galactopyranoside on the agar surface (Standing Committee of Analysts, 2009).

Whilst mostE. coli are norpattogenic, their detection could indicate the presence of
E. coli O157:H7.E. coliO157:H7 can alter its physiological state to enable survival in
hostile environments, such as drinking water distribution systems. This makes it
difficult to recover from envonmental samples (Standing Committee of Analysts,
2009). However, the infective dose 6f coli O157:H7 is low and estimated to be less
than 100 organismthrough ingestionSzewzyket al, 2000) It is implicated in the
development of haemorrhagic coliiad haemolytic uraemic syndronsgmestrains of

the bacterium also produce a toxin which is similar to that produce8himyella
dysenteriae Type 1. These infections have occasionally been traced back to
contaminated water, but are more commonly fbode, or transferred persdo-
person (Szewzykt al, 2000; Standing Committee of Analysts, 2009). Szewetyél.
(2000) state that mo&i. coli O157:H7 do not ferment lactose, as is typicaEotoli,

which may mean that they are not detectable usingnutethods. Schets al. (2005)
suggest that another reason for the rare recovery of indicator bacteezaisse ofhe
analysis of 100nl volumes; in their study oE. coli O157:H7 occurrence in private
water supplies, the organism was more often isolated from 1 L sample volumes

compared to 100 ml samples.

In the UK, Enterococci are considered to be secondary indicators of faecal pollution.
Their principal use is to deterng the importance of coliform detections in the absence
of E. coli. Enterococci are Graositive cocci which often occur in pairs or short
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chains;they are catalase e gat i ve and possess Lancefi el
Committee of Analysts, 2012, Lancefi el dos classificati
Streptococci . The Lancef i edladsfied asGa separpte D
genus: Enterococci; Schleifer and Kilpg##lz, 1984). They grow in the presence of

bile salts, in concentrations sbdium azide that are inhibitory to coliform bacteria and
most other Granmegative bacteria, and at a temperature diGl4They also express the

e n z y fglacosiase. Some species of Enterococci have other characteristics that are
useful for identificatio: the ability to survive at 68C for 30 min, to tolerate pH 9.6, or

to grow in nutrient broth containing 6% sodium chloride (Standing Committee of

Analysts, 2012).

There are two principal methods for detecting Enterococci: growth on Enterococcus
aga, with or without membrane filtteon; or the defined substrateM technique. As

with the detection of coliforms artel. coli, the use of membrane filtration is only suited

to water with lowmedium turbidity. After incubation at 37 or 4€, presumptive
Enterococci reduce triphenyltetrazolium chloride to insoluble red formazan to produce
red, maroon or pink colonies in membrane Enterococcus agar (mEA). Confirmatory
tests are required and these rely on the demonstration of aesculin hydrolysis on bile
aescuh agar (BAA) or kanamycin aesculin azide agar (KAAA). Presumptive colonies
are either sulcultured from mEA to BAA or KAAA and incubated at 4@ for 18 h or,

if membrane filtration was employed, by transferring the membrane filter from mEA to
plates of B\A or KAAA and incubating at 44C for 4 h. There are additional methods

for the confirmation of Enterococci following their growth on BAA or KAAA. These
include tests for catalase, bile tolerance, heat resistance, growth at pH 9.6 and salt

tolerance (Stasing Committee of Analysts, 2012).

Clostridium perfringensis also tested for during water quality monitoring. It is
considered a subsidiary parameter in comparison with colifodms,coli and
Enterococci. These bacteria form spores which are resistarvironmental stresses

and are able to persist in the environment for long perfodperfringends associated

with faecal contamination and if it is detected in the absence of other indicator bacteria
it suggestsa remote or intermittensource of wadr pollution. These bacteria are Gram
negative, anaerobic, spel@ming, and roeshaped. They are able to reduce sulphite to
sulphide at 44C in less than 24 IC. perfringensalso reduce nitrate, are namotile,
ferment lactose and liquefy gelatine. $he bacteria produce the enzyme acid
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phosphatase and this is a specific diagnostic characteristi. foerfringensamongst
the Clostridia (Standing Committee of Analysts, 2610

In monitoring forC. perfringensn water of lowmedium turbidity, membranfilters are
placed on an agar medium containing sulphite, deimon and Dcycloserine. The
D-cycloserine inhibits other bacteria and reduces the size of the colonies that develop.
Plates are incubated under anaerobic conditions &€48. perfringendypically form

black colonies as a result of the reduction of sulphite to sulphide, which then reacts with
the ferric iron. These bacteria can be confirmed using either the nitrate, motility,
fermentation of lactose and liquefaction of gelatine tests (SMests) or the acid
phosphatase test (Standing Committee of Analysti01

The tests for coliformd. coli, Enterococci an€. perfringensare simple, lowcost and
effective. However, as introduced with coli O157:H7, some bacteria, and not just
pahogens, are able to enter a physiological state which means they do not grow during
culturebased testing. This is termed a viable, but-aalturable (VBNC)condition It

is the ability of bacteria to enter this state that has led to ctiiaged toolseing
regarded as unrepresentative in the enumeration of stressed bacteria isolated from
drinking water (Szewzylkt al, 2000; Hoefekt al, 2003; UK Water Industry Research,
2006; 2009).

The routine culturdbased methods are useful for detecting indichacteria, but they

are not capable of identifying the source of the environmental or faecal contamination.
There are additional phenotypic methods that are intended to provide this information.
Of these the three most commaare antibiotic resistance&arbon source utilisation
(CSU) or fatty acid methyl ester (FAME) analysis.

Bacteria from hosts exposed to antibiotics and not killed by them develop resistance to
those antibiotics. Resistance genes can be spread among bacterial communities in the
envionment (Biyelaet al, 2004). Antibiotic resistance produces a selection pressure
which can be used to discriminate between faecal bacteria from different host animals
(US Environmental Protection Agency, 2005).Aigure 1, faecal bacteria could enter

the distribution system through faults in fhipes or connectiongnabling ingress close

to either of the farms or the village. It is possible #ratantibiotics in use at the farms

could be identified and resistance tested for in the coliforms cultured in the failing
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sample. Identifying antibiotics in use in thenman populatiorwould be more complex.

By narrowing down the potential source of the aohfs, it would be possible to reduce

the search area for the ingress point and improve the likelihood of preventing future
contamination (Armstronget al, 1981). In larger and more complex distribution
systems, the need to know in advance which antilsidtictest for renders this tool

impractical for developing a standard protocoldource identification

CSU has been applied in environmental water and soil studies with the aim of assessing
microbial diversity.lt involves introducing microbial suspensions to a range of carbon
based substrates to assess their ability to oxidise the carbon sources, usually in a
microtitre plateWork by Calbrixet al. (2005) indicatedhatmore tharl,500 CFU wee
required pemicrotitrewell ( we | | v o | ufonespreduciblé r@sults;|Kdnoplet

al. (1998) concluded similarly. Furthermore, Garland and Mills (1991), HaacK.

(1995) and Calbrixet al. (2005) observed that truly representative community
fingerprints would rquire analysis of a large number of samples to compensate for
temporal and spatial variability. This tool could be applied to characterise the river
supplying the WTW irFigurel, as well as the farms and woodland along the length of
the pipeline. In larger, more complex distribution systems, this would become
impractical. The requirement for a higlensity of coliforms in a drinking water sample

makesthis tool inappropriate for monitorirtgeatedwater.

FAME analysis has been utilised in a broad range of disciplines: determining food
residues in archaeological sampl@&oirala and Rosentrater, 2009)jstinguishing
between strains of flowering plani&diguzelet al, 2006),diagnosing fungal infections

in hospitals (Peltrochkelacsahuangaet al, 2000); identifying degrading bacteria on
works of art and buildings (Heyrmaat al, 1999) andcontaminants in food (Whittaker

et al, 2003; characterisation of soil bacterial communities (Kozdréj and van Elsas,
2001; Songet al, 2008) and identification of faecal sources and the tracking of these in
bathing and shellfish water (US Environmental Protection Agency, 20@sjon and
LeChevaller (2000) applied FAME analysis to the characterisation of drinking water
bacterial populations based on water treatment process, application of free chlorine
disinfection, and the impact of pipe material. Their findings are explored later in this
Chapter.Detection limits can be specified for animal, plant or microbial FAMEs.
Whittakeret al (2003) and Lu and Harrington (201@)ortthat result generation takes
approximately 60 hour®r longer if multiple samples are to be analysed. This is longer
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thanthe current culturdased methods take to indicate a failterthermore, it may be
difficult to obtainsufficient biomass from drinking water for FAME extraction. Koirala
and Rosentrater (2009)ghlightedthe ability of FAME to detect other contaminants
including waxes, resins, tar and pitdHistorically, metal pipes have been protected
from corrosion by a variety of linings, including bitumen and -¢aal Thesespecific
linings have now been discontinued in England and Wadles to potential risks to
public health from release of polycyclic aromatic hydrocarb@advatoet al, 2003.
These pipe linings could have been usethatwo iron pipes supplying water to the

town, village and second service reservoiFigurel.

Antibiotic resistance, CSU and most forms of FAME analysis require ctiaged
growth of microorganisms tensure ample biomass fmtentification. It is recognised
that any cultivatiorbased methods of analysis for drinking water quality are limited in
their ability to accurately reflect microbial communities (UK Water Industry Research,
2006; 2009).

Culturebased methods have beapplied for traking indicator bacteria through
environmental and drinking water systems (Jadteal, 1995; UK Water Industry
Research, 2008). The principal finding from thessthuds is that indicator bactease
ubiquitous in natural waters, wasteesat and faecal slurries. They can be used for the
identification of potentialsites of environmental orfaecal pollution, but it is not

possible to use them to identify theurceof bacteriological contamination.

2.3.2. Genotyping

Genotypic tools for miecular analysis and fingerprinting of DNA are used to identify
specific microorganisms. A variety of methods exist that vary in sensitivity and ease of
use. There are two broad groups of methods:-B&fed and luminesceritteorescence
methods. Most of @ available tools are reliant on culttgeown reference material and
enrichment of samples (US Environmental Protection Agency, 2005). Most DNA
testing tools cannot provide evidence of the viapbiit infectivity of an organisnthey
simply confirm its pesence (Straub and Chandler, 2003).

The variety of uses for PGBased methods and the wealth of research into developing
these toolsindicate thatthere is potential fortheir future use in drinking water
monitoring Eichler et al. (2006) achieved good ahacterisation and found that the
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distribution system had a stable community throughout their investigation.
US Environmental Protection Agency (2005pvever,has observedariable success

for thesetools in other studies aradsmall number of weltlefined markers for theange

of faecal sources that woudgbply across a catchmefithesessues need to be resolved

to make PCPRbased methods standard practice in the water industry. In addition, the
reliance on culturing of environmental consortia for thamification and calibration of
these tools still leaves them open to the same bias as traditional water quality

assessmentand does not make them faster

The success afising geneprobe luminescencéor identifying faecal bacterigs also
variable. Gourmeloret al. (2007) found thatcorrect classification of contaminated
samplesvas lower with luminescence than with a PG&sed method. Bastholet al.
(2008) and Bukh and Roslev (2010) concluded that -pemige luminescence was
sensiive. The latter achieveda signal fromE. coli in drinking waterat a cell
concentration of 100 1,000 CFU 100nI™* without prior concentratioror resuscitation
Sensor technologies are constantly developing herktis potential fobettersystem

calibration andarger numbers dfainingsampledo overcome the classification issue.

Flow cytometry (FCM) uses specific fluorescent cell stains and can be used as a tool for
counting microbial cells in liquid substratds has been used &iudythe life cycle of
bacterial cells and to monitor marine phytoplankton, but technical advances are
expanding its remit and popularity (Czechowsiaal, 2008; Wanget al, 2010).
Berney et al. (2008) and Hammest al. (2008) recommend the use of FCM for
monitoring drinking water quality. Hammest al (2008) conclude that its sensitivity

and speed (the only time expended is in staining cells in the water savilpl®nefit

WTW operators as they will be able to act more quickly on changes in bacteriological
water quality. They observed that FChetected I 2 log more cells than traditional
HPC methods. Bernest al (2008) suggest that FCM could be used as an alternative to
HPC measurements. This review found no FCM methods that could specifically

idenify indicator bacteria or wateorne pathogens.

A wide variety of tools and techniques have been applied to the identification of sources
of faecal contamination. In general, these tools have been effective for highly
contaminated receptors (US Environmental PtaiacAgency, 2005; Stapletoet al,

2007), with few showing value for the identification of sources of contamination in
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drinking water. The majority of tools require culturing prior to identification, both in the
generation ofeferencdibraries and th@nalysis of environmental samples. This means
that theystill possess selection bias, do not enable quicker results than traditional
mediabased methods and may be a more expensive means of achieving the same result.
PCR and luminescenfiorescencenethods that do not require samgdarichingprior

to analysis have the greatest potential for future application.

Wu et al. (2009) observed that there were seven stages in a water quality failure event:
(1) potential cause occurred; (2) drinking water wastaminated; (3) abnormalities
were sensed; (4) warning signals were generated; (5) warnings were noticed; (6) action
was taken; and (7) system function was recoveregrégent, culturdased methods

are the simplest and cheapest tools available and elfaused within water utilities
globally. Using these culturbased tools, stages 4 and 5 occur at least 24 h after the
contamination evenfTherdore, thereis a need to develop reliableapid assessment
methods that woulgenerate warning signals soofidoefelet al, 2003).

2.4. Sources of indicator bacteria

During a failure investigationfor example in response tihe failure at the service
reservoir inFigurel, several steps are taken:s@mpling from the failing sample point,
swabbing of the sample tap, and investigations aql downstream of the failing
sample point. Resampling and swabbindieck for the persistence of the failure and the
potential for falsepositives caused by a dirty tap or contaminaimchl pipework
(Standing Committee of Analysts, 2002).

2.4.1. Raw water

In Figure 1, the raw water could have been impacted by the factory, as well -a#f run
from farms along the catchment or sewage outfalls, both treated and from combined
sewer overflow spills (Kistemanet al., 2001). Surface water WTWSs have a treatment
train that includes screening for large particulates, coagulaflonculation and
clarification (by settlement or dissolved air flotatidioy small particulates, filtration

and disinfection (Parsons addfferson, 2006). These treatment processes are intended
to render raw water chemically and microbiologically safe for human consumption.
Whilst disinfection is thdinal stage in treatment for the control of bacteria, it does not
render water sterile (Sar et al, 2003). Its effectiveness is greatly impacted by the

ability of upstream treatment processes to remove bacteria. The treatment processes
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required for groundwater are focussed more on the removal of metals and organic
contaminants. Groundwater éxpected to have a lower bacteriological loading and its
disinfection isoftenmarginal (Parsons and Jefferson, 2008)at is, designed to protect
water in distribution rather than Kkill bacteria ptgtatment (World Health
Organization, 2004).

Several studies have begun to show a link between climate and bacteriological
contamination of water supplies. Scheis al. (2005) and Pitkéaneret al. (2008)
identified that heavy rainfall was a risk factor in raw water contamination. Both
Currieroet al (2001)and Thomast al. (2006) observed that disease outbreaks were
more likely to occur within two months of heavy rainfall affecting their source waters.
Two months was théime lag between a rainfall event and detection of an outbreak
from a groundwater soce; the time lag was shorter when a surface water source was
impacted(Currieroet al, 2001) Currieroet al.(2001) weranore rigorous than Thomas

et al. (2006), because they removed outbreaks of disease that had been linked back to
contaminated taps arctossconnected water supplies. Half of the remaining failures
coincided wih an extreme weather evenbténtial breaches in the distribution system
were not considereldy Currieroet al (2001) or Thomast al. (2006) these couldlso

have been impaateby rainfall.

2.4.2. Ingress

Infrastructure design should prevent drinking water contamination by environmental
water adjacent to distribution pipes (van Lieverleb al, 2007). However, the
distribution system can become compromised through age, danwgugrational
practices or poor maintenance. If crackshotes develop in the pipsork they can

allow the ingress of contaminated water into the pipe (Fricker, 2003; Besrady

2011). In pressurised distribution systemsysensitive operation of was (rapid
opening or closing) or sudden increases in water flow rate, for example during a burst,
can cause depressurisation in the distribution system. This can weaken damaged
portions of thenetwork and allow the pulse of negative pressure to draw in
ervironmental water surrounding the pipe. Once the pulse has passed, the damaged pipe
will leak (Besneret al, 2011; Collinset al, 2012).1t has been estimated that 6.5
24.6% of water transmitted in the distribution system is lost via leakage (Glehzdli

2012).
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Work by Helbling and VanBriesen (2008) sought to determine whether free chlorine
monitors could be used to determine whether water supplies had been compromised
through ingress events. They noted a reduction in monitored free chlorinetiidyen
introducedE. coli suspension to their laboratesgale distribution system a simulated
ingress eventWojcickaet al. (2008) observed that the addition of particulate matter
from various environmental sources also resulted in consumption ofnehi@sidual.

In reality, if soil and wastewater particulate matter enter the distribution system through

ingress, bacteria will enter as well (Besatal, 2011).

If there had been an incident of ingress along the length of the distribution system in
Figure 1, the microorganisms could have come from either of the farms, from the
village, the woodland or the land in between these sBasteriological monitoring

tools are not yet able to identify the source of indicator organisms (Fuchs and Riehle,
1991; Gacet al, 2005). If the system is pressuriséiag location of the ingress point
could be identified using audible leak detection (Aicen Water Works Association,
1999; Bimpaset al, 2010) or through prior strategic placement of water pressure

sensos in the distribution system (Farley al, 2011).

2.4.3. Biofilm

Bacteriacan enter the distribution system in low numbers from theirenment and
source water (Geldreickt al, 1977) and are able to persist through the formation of
biofilms. All surfaces within a system are covered by biofilms, from the WTW, through
the pipelines and plumbing to the tap (Szewsgkal, 2000; Deinest al., 2010;
Lautenschlageet al. 2010). Biofilms are complex communities made up of varying
consortia of microorganisms, mostly bacteria, but also fungi, algae, protozoa and
amoebae held together in a matrix of extracellular polymeric substances({am8set

al., 1999; Berryet al, 2006; Gambyet al, 2008; Gouideret al, 2009). Biofilm
formation begins with adsorption of carbohydrates and organic acids from the bulk
water, then proteins and polymers adhere, and lastigroorganisms Initially
microorganismscolonise as individual cells separated by empty spaces and then they
spread to cover the surface (Gandtyal, 2008). Biofilm formation has implications

not just for bacteriological compliance but also-barrosion, discolouration and taste
and odour quality criteria (ADasser, 2007; Mecke= al, 2007; Rubulis and Juhna,
2007; Vreeburg and Boxall, 2007; H al, 2008; Gouideet al, 2009; Deine®t al,
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2010). Cell detachment is part of the normal life cycle of the biofilm enabling its
stabilisation and spread (Dukaat al, 1996; Huet al, 2008; Deinegt al, 2010).

There are four detachment processes that lead to cells leaving the kjbfikbrasion
which occurs when there are collisions with other surfa¢@y;grazing detachment
follows consumption of part of the biofilm by higher organisi(®); erosion is the
continual loss of cells or smalt@ups of cells from the biofilm; and (4)oughing is the

loss of discrete portions of biofilm. The cells are subsequently entrained in the bulk
water (Mooreet al, 2000). The strength of biofilms is impacted by chemical and

physical factors and its level of maturity (Beatyal, 2006).

Whilst ShutLi et al. (2007) and Blanclet al. (2007) concluded that pathogens did not
significantly interact with biofilms, many researchers are of the opinion that they
represent an importaiteservoidin distribution systems (Coopet al, 2007; Juhnat

al., 2007; Lehtoleet al, 2007; Obst and Schwartz, 2007; Gé&al, 2008; Helmiet al,

2008; Gidoet al, 2010). Roger®t al. (1994) suggest that there is a pipe material
dependency in the interactions of pathogens with the biofilm; for examplagesis

were not detected in biofilms grown on copper, but were present in those developed on
plastics. Torvineret al. (2007) observed that survival of pathogens in biofilms was

i mpacted by the presence of competentng mi
Blanch et al. (2007) andObst and Schwart£2007) isolated pathogenic and faecal
bacteria from biofilms despite their absencetreated water; they suggested that
biofilms act like a memory of past contamination and treatment breakthrough. Lehtola

etal. (2007) olservedthe same phenomenon at laboratscgle.

No longterm temperature, water chemistry and disinfection studies have been
completed to assess the importance of seasons when deterbiofimy management
measures. Gamist al. (2008) obsrved that biofilm colonisation took 12 days at°’20

and only a few days at 3T atthe laboratoryscale these water temperatures would be
rare to norexistent in the UK contextThe World Health Organization (2004)
recommends that distributed water maintained at below 1% to control
microbiological growth in the distribution system. Even with this recommendation, the
observation that pathogerit coli are able to grow at temperatures ranging from 8 to
48°C (Szewzyket al, 2000) means that achiag a temperature that can serve to
restrict general bacterial growth may not be sufficient to prevent the growth of
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pathogens. Seasonal differences have been observed in the occurrences of faecal
coliforms ancE. coli. Blanchet al. (2007) showed that mbsoliforms exhibited counts
greater in spring than summer, summer than autumn and autumn than winEicdiut

counts had the following profile: summer > spring > winter > autumn. It is notable that
neither E. coli nor coliforms occur according to arist temperature pattern. This
demonstrates that factors other than temperature are involved in the seasonal growth of
coliforms andE. coli, for example, nutrient availabilitpr competition A similar

conclusion was reached after observations of seablit@s by Kerneist al (1995).

The conclusion that biofilm caused the failure at the reservdtigare 1 would most

likely be reachedby draining thereservoirand conducting an internal inspection
Swabbing and analysing the internal surfaces of the reservoir may demonstrate that the
biofilm is harbouring indicator organisms. Swabs for microbiological analyses are less
often applied to the pipes themselves, but may be used to asses®gkpgecal to the
sample tagStanding Committee of Analysts, 2010a)

2.4.4 Contamination at the samplirigcility

Bacteria can be transferred to the tap surfaces through human or animal contaet, splash

back from contaminated water, or carriage in air currents (Eboigbetial, 2008).

Taps in customersd homes are of tsmoirsyar mer t ha
which promotes the growth and survival of bacteria (Lautenschieged., 2010).

However, even dedicated sampling facilities can become contamiresigeciallyif

they are inadequately maintained or protected (Standing Committee of Analysts,

20109).

Studies in hospitals have tracdee source of infections back to taps from which water
was drawn for consumption or cleaning purposes (Fembral, 1998; Muscarella,
2004; Horcajadat al, 2006. These studies indicate that the tap can seragr@servoir

for environmental or pathogenic bacteria.

Clear protocols aré¢aid out both for the collectiomf samples and their subsequent
analysis (Standing Committee of Analysts, 2002; 2D10he aim of these protocols is

to ensure that samples are representative of the water being investigated, are transported
and stored appropriately and are not contaminated during sampling or analysis.
Samplers are required to use correctly sterilisedogabottles. They must also employ
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appropriate tap flushingwhere taps are not constantly runnirg)d disinfection
proceses. Generally thigvolves flushing the tap to dislodge any debris, sediment or
biofilm and applying a suitable disinfection prodbprior to sampling. The disinfection

can be by application of a chlori@sed solution with % available chlorine or, if the
taps are solid metal with no plastic fittings, they can be flame disinfected (Standing

Committee of Analysts, 2080

Contamiration of the reservoir sample tapkigure 1 could be tested for by swabbing

the tapand analysindor indicator bacteria.

2.4.5. Poor hygiene prace by samplers or analysts

The Standing Committee of Analysts places a high level of responsibility on those who
train, audit and monitosamplers and analysfer ensuring that proper hygiene is
maintained (Standing Committee of Analysts, 2§18s detdied above, samplers must

take care to use sterile bottles and correct tap disinfection protocols. Furthermore, it is
recommended that laboratories monitor the working environment to rule out
contamination ofagarplates during preparation. Routine assesdgmoé the sterility of

newly prepared media is encouraged to ensure that this is not a source of contamination
either (Standing Committee of Analysts, 2002). Internal and external quality control
procedures should be conductedot certainof the reproduibility of results between

analysts and between laboratories (Standing Committee of Analysts, 2002).

Emphasis is made on several occasions in both guidance documents (Standing
Committee of Analysts, 2002; 204)0of the need to instruct samplers and astalyn

good hygiene practices. The importance of hamadhing and personal hygiene is
reiterated. The requirement to ensure wsukfaces are thoroughly cleansed on a
regular basis is also detailed (Standing Committee of Analysts, 2002).

This review found noresearch into the likelihood of water quality monitoring failures
being related to sampler or analyst contamination. This is a sensitive itbsue
investigation of which would likely cause offence; thereforeetanghat such risks can
only be hinte at. Laboratories that do conduct environmental hygiene testing should
have the records to demonstrate their risk of sample contamination. Pombvaka
(2011) identified that there was a need to continuously train laboratory staff in

appropriate hygiem practices, as they found bacteriological surface contamination
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during routine and spatheck inspections. Seaman and Eves (2010) and Worsfold and
Griffith (2003) found that the benefits of training food handling staff were $iverdt

due to it typicallybeing a staff induction activity, without pesaining support and
refresher courses. Worsfold and Griffith (2003) also noted that-Wasting and
personal hygiene protocols were poorly documented, often not highlighted in the
workplace with appropriatsignage, and reinforcement strategies were lacking. Egan

al. (2007) observed that there was a need for training methods that were proven to
change behaviour rather than merely imparting knowledge to participants. They also
commented that training wasone effective when managers took part in the courses. A
review by Pittet (2001) identified several barriers to the utilisation of appropriate hand
hygiene amongst hospital employees. Thaskided skin irritation, inaccessible hand
cleansers and sinks, risk of offending patients, having gloves on, forgetfulness,
ignorance of hygiene guidelines, lack of time, high workload and tstd&mg, and

lack of proof that hand hygiene practices make fe@ihce to hospital infection rates.
Many of these barriers could play a part in reduced application of strict hygiene
practices when collecting or analysing samples; especially when collecting from
Cc ust ome The dnclusiop af both Pittet (2001) aBdaman and Eves (2010) was
that single session training for hygiene practices, which was the most common training
mode used, was frequently ineffective in the lbaign. They observed a lack of post

training support and evaluation of effectiveness.

If a rigorous and welhccepted system of staff hygiene monitorimgs in place it
would be possible to identify whether the sampler, analysts or laboratory cleanliness

impacted the failure at the service reservoifigurel.

2.5. Survival of indicator bacteria in the distribution system

2.5.1. Disinfectants

Disinfection is typically, the final unit process at the WTW. Its purpose is to prevent
the spead of waterborne disease (Sawgeal, 2003). The process has been shown to
result in small numbers of injured bacteria entering the distribution system
(LeChevallieret al, 1985). However, McFeterset al. (1986) found that 96.% of
coliforms in treaéd water were injured but not dead. Under the correct environmental
conditions of nutrition and temperature injured microorganisms can recover
(LeChevallieret al, 1985). Disinfection efficacis dependent upon theerformanceof

the upstream treatment quesses Of particular importance are the removal of
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significant numbers of bacteria amtterfering compounds, such agbidity, organic
carbon and ammoniavhich exert demand on oxidising agents. The most common
chemical disinfectants are chlorine, compounds of chlorine such as chloramines and
chlorine dioxide, and ozone. Physical disinfection includes such treatments as
membrane filtration, heat treatment wtraviolet light (Parsons and Jefferson, 2006).
Chlorine and chloramirseenable residual disinfection to be maintained through the
distribution systemwhich discourags bacterial regrowth and reducethe impact of
breaches in integrity (Victoreen, 1B7Damikoukaet al, 2007). The Water Supply
(Water Quality) Regulations 20007 England and Walegequirea residualin treated
drinking water final disinfection with chlorine or chloramines must be provided by
water companiefHer Ma | e st YOffiee,2800.at i onery

2.5.1.1. Chlorine
Chlorine is the most common chemical disinfectant employed in water treatment
because ofts ease of applicatioand high inactivation potentialA further benefit is
that when dosed to above the water demand, a chlorine residual is maintained in the
water to protect it in the distribution systgiwhite, 1999).Chlorine is supplied as
either liquefied chlorine gas, or liquid or solid sodium hypocte. The available
chlorine in all three instances dissolves in water to form hypochlorougt#oi@dl) and
hypochlorite ions(OCI) 7 both of which are involved in the disinfection process
(Parsons and Jefferson, 2008he first and secondissociations (of chlorine gas) are

shown in equations 1 and 2:

(2) HOt#OCK H

Chlorinekills cells by penetrating the cell wall and damaging the cytoplasdiffuses

more easilyinto cells as HOCI than as OCltherefae HOCI is a more efficient
disinfectant. The second dissociation of chlorine becomes apparent in high pH waters.
Since the pH of water at WTWs is rarely in the controbpérators, dosing to 05

1.0mg I'* after treatmenis expected tdeave aresidda i n t he water at
tap (Parsons and Jefferson, 2006)

The disinfectant residual can be consumed by pipe materials, biofiteesiving
bacteria,scales and chemicals in the water (Levi, 2004)&dser, 2007 Chlorineis a
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potent oxidising agent and is consumed by reactions with other compounds such that
little disinfection is achieved until doses in excess of the chlorine demand of the water
are applied (Sawyest al, 2003). Its reactivity with organic molecules in treatester

forms disinfection byproducts (DBPs)with trihalomethanes and haloacetic acids
typically found at the highest concentratiod®BPs are a concerbecause otheir
potential carcinogenicitgnd other healthisks For this reasonwater companies nsti
ensure that disinfection is applied in adequate doaed boosted at appropriate
locations,to control microorganism&nd also minimise DBP formation (Crittendeet

al., 2005; Parsons and Jefferson, 2006).

A number of studies have suggested thatmgl™ free chlorine controls rgrowth in
distribution and offers some protection agaimgjress ofbacteria (Mahto and Goel,
2008; Francisquet al, 2009; Wanget al, 2009). However, Norton and LeChevallier
(2000) observed that biofilms still devetp in drinking water with a free chlorine
concentration of 2.éngl™ and severalother studiesoncludel that chlorine residuals
have little impact on biofilm bacteria in distribution (Deborde and von Gunten, 2008;
Helbling and VanBriesen, 2008; Chawd., 2009).Chienet al. (2009) andChowet al.
(2009) concluded that chlorination increased the biofilrgroavth potential of
distributed watebecause athe oxidising of organic carbons to more biodegradable and

assimilable compounds.

Biofilm growth enhances microbial resistance to disinfection (LeChevabierl,

198&; Berry et al, 2006; Deborde and von Gunten, 2008). Szewaykl (2000),
Berry et al. (2006) and Bichagt al. (2008) comment that the mechanisms for resistance
are not fully understood but they suggest several potential medaseddisinfection
resistance from past treatment failures, protection due to the EPS matrix, survival in a
VBNC state, and harbouringytamoebae and protozoa. Morr@tval. (2008) observed

that bacteria associated with the biofilm were more difficult to disinfect than those in
the bulk water; likewise, Deborde and von Gunten (2008) comment that free chlorine
exhibits low activity upon théiofilm, but is beneficial for controlling microorganisms
released from it. Sartory and Holmes (1996) observed heightened chlorine sensitivity in
coliforms removed from biofilms when compared to those isolated from bulk water.
They concludd that disinfetion resistance is a function of tE#Smatrix and not the
organisms themselves. Srinivasan al (2008) showed that increasing chlorine
concentration decreased the ratio of culturable bulk water to biofilm bacteria; they also
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suggest that at the extrems of the system, where residual chlorine may be at or near
0.0mgl™, bacteria suspended in thalk water dominate. This may additionally be the
case for storage tanks and reservoirs with long residence times and lower chlorine

residuals.

The rate © chlorine decay increasewith water temperature (Sawyet al. 2003,
Parsons and Jefferson, 2006). Francisquel. (2009) concluded that when water
temperatures were higher, residual free chlorine concentrations shouldreased.
They observed a gaéer proportion of cases with free chlorine lower than 0.3 Tng |
when temperatures were above°C8and that when disinfectant concentrations were
below 0.3 mgt the probability of exceeding theWPC standard of 50 CFU mil
increased significantly. Tlyealso noted that when free chlorine fell below 0.15 thg |

the risk of exceeding 50FU mI* was greater than 50 % regardless of temperature.

Booster dosing of chlorine is useful for avoiding excessive doses near to the WTW
whilst ensuring atable andcontinuousresidualfor customerst the furthest reaches of

the network (Simmset al, 1998; Parks, 2008). Suitable, secure points for booster
chlorination may be obtained through modelling of the distribution system.
Consideration must be given to theanlging or mixing of different source streams and
the impact that these may have on the resultant residuals (Chahbé&rad004). Parks
(2008) demonstrated through modelling exercises that booster chlorination systems
must be tailored to specific distritbon systems to ensure water is aesthetically and
microbiologically satisfactory.

2.5.1.2. Chloramines
Chloramination is achieved by adding ammonium sulphate, either mixed with the
chlorine, or a short time after chlorine has been dosed. Chloramindssarpotent
disinfectants but have high stability making them beneficial for long distribution
systems or those with slow turnover (Parsons and Jefferson, 2006). By introducing the
ammonium sulphate after the chlorine dose, the process can utiliseeéter grotency
of the chlorine, reducing the risk of inadequate disinfectidme reactions between
hypochlorous acid and ammonidorm three chloramine compounds first,
monochloramine (NBCI); second, dichloramine (NHg] and third, trichloramine
(NCl3), shown in equations 1 ta 3s with chlorination, the rate of reaction is affected
by pH and the HOCI concentration (Parsons and Jefferson, 2006).
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(W) NH+ HOCI ,CF+ HyaH H'
@ NHCI + HOCI+FM0 NHCI
(3)NHC|2+ HOCI 3¥H2®C|

Treatment with chloramines requires careful control as it can lead to odour complaints;
the presence of free ammonia in the pipeline can result in the growth of nitrifying
bacteria and subsequent failure of nitrate and nitrite stan¢facoidiffe, 1991; Yag et

al., 2007; Zhang and Edwards, 2008how et al. (2009) found that biofilm rgrowth
potential was lower when using chloramines and LeChevatie. (1988) observed
that chloramines were more effective in penetrating biofilms than chlorine.
LeChevallieret al. (1988) also noted that combined chlorine disinfection resulted in
reduced sloughing and water discolouratidhis finding is supported by Zhang and
Edwards (2009) who found dh chloramines reduced HPCs in distitdd water. Their
work concludedthat in systems without nitrifying bacteria, chloransinare more
persistent and redugape corrosion, but where nitrification risk has been identified,

chlorine is better for contratig microbial regrowth.

Approximately two thirds of medium to large chloraminated distribution systems in the
USA experience nitrification (Dykstraet al, 2007) Water companiesthat use
chloramines as their residual disinfectant are often requirestialbey authoritieso cease
ammonia addition and flush tlokstribution systenwith free chlorinefor at leastone
month in twelve (Rosenfelct al, 2009). Rosenfeldt al. (2009) showed that in their
studied system, cell counts declined frof&0D to 5@ cells mi* in the first week and
had fallen further to 306ellsml™ in week three of treatment. Immediately following
the end of the flushing month, cell counts rose to 750 celfs Tflis suggests that the
microorganisms in the system were adaptedcfdoramination, and that the chlorine
flush represented a shock treatment. Humrigheuse. (2006) notedhatthe microbial
community wa impacted by the choice of disinfecta®phingomonagenus wa
abundant in chlorinated systems, whikbgphomicroliunm-like bacteria dominatkin

chloraminated ones.
The presence of organic nitrogen in treated water can lead to the formation of organic

chloramines. These were found to have little to no inactivation potentiél coli by

Donnermair and Blatchley (P3). Since organic and inorganic chloramines cannot be
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distinguished by conventional analytical methods (Aneirial, 2010) there is the

potential for inadequate disinfection if treated water contains organic nitrogen.

A key confounding presence in difection is that of turbidity (Scarpinet al, 1977;
LeChevallieret al, 1981; Sawyeet al, 2003, Parsons and Jefferson, 2006). Turbidity
can protectnicroorganismgrom disinfectants and generate chlorine demand. Faboq

al. (2008) identified that coliforms adsorbed onto organic particulates were more
resistant to disinfection than those adsorbed to inorganic turbidity. Wojeicksd
(2008) observed that turbidity can reduce the capacity of disinfectants to inactivate
microaganisms even without adsorption to the surface of particul@tes.treatment
processes within a WTW are designed to remove turbidity, which aids effective
disinfection. However, one treatment procegwmt often immediately precedes
disinfection,granularactivated carbon (GACHltration, has attracted researblecause

of concerns that it a) encourages the groweftbacteria and b) enables them to survive
disinfectionthrough adsorption onto GAC particulat€&amperet al (1985) observed

at the laboratgrscale thatpathogens and a mixture of HPC and pathogenic bacteria
readily colonised sterile GAC. They also showed that if pathogens and HPCs were
introduced to GAC which had been colonised by natural river water bacteria attachment
was reduced and thiee-off rate was more rapid. They concluded that there was a high
risk of pathogen colonisation when GAC was new or freshly regenerated. They
continued their work by studying GAC particulates in GAl@red water at a WTW
(Camperet al, 1986).From 201 samles collected over one yedel found thatt1.4%

of water samples had HPCs attache®AC particles and 17.% of water samples had
coliforms attachedThese results concurred with studies by LeChevadiieal. (1984

19883, Stewartet al. (1990) andHammeset al. (2008). LeChevallieret al. (1984)
observed that bacteria attached to GAC particles remained viable even after disinfection
with chlorine at 2.0 mg’ for 1 h.Camperet al. (1986) postulate that by attachment to
GAC particles pathogens and indicator bacteria may survive disinfection and
subsequently colonise the distribution systéevertheless, ark by Pernitskyet al.
(1997) concluded that after disinfection, bacteriaciied to GACparticles represented

a low public health risk.

2.5.2. Nutrients
Heterotrophic bacteriarequire a ratio of carbon to nitrogen to phosphorus of
approximately 100:10:1 fogrowth and reproduction(Lester and Birkett, 1999), but
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thereisnocle r consensus on what constituétes Obi

al., 2008). Water that leaves the WTW is oligotrophic, and may contain disinfectants. It
is a hostile environment for microorganisms, but their adaptation and persistence is well
documented (Jamest al, 1999; Berryet al, 2006; Juhneet al, 2007). Studies
investigating the impact of nutrienemoval have tended to assume that the specific
nutrient they are investigating is the limiting nutrient in the system. Many of the
nutriert-based studies have been carried out ondisinfected water. Hammes and Egli
(2005) suggest that the presence of residual chlorine would have an impact on nutrient
utilisation by microorganisms in the distribution system. Whilst it is generally accepted
that the presence of nutrients, especially carbon, nitrogen and phosphorus, increases the
ability of coliforms and other heterotrophic bacteria to grow in the pipes, pH and
dissolved oxygen (DO) concentration have also been implicated (Metlkds 2007

Tenget al, 2008). The impastof wata chemistry on microorganisms agahanced by

long residence tineein the distribution system (Norton and Weber, 2006; Srinivasan
and Harrington, 2007; Vreebuemd Boxall, 2007)It is important to ensure appropsga
turnover of water through system design and flow management. It has been suggested
however that some bacteria are not controlled through nub#s#d methods alone
(ShutkLi et al, 2007), and therefore it is imperative that strategies employed &eensys
specific (Srinivasan and Harrington, 2007).

2.5.2.1. Carbon

Natural organic matter (NOM) is a term used to describe the complex of daebed
molecules present in all natural water sources. The majority of NOM is removed by
well-managed treatmenprocesses (Parsons and Jefferson, 2006). Biodegradable
organic carbon (BOC) is usually a small fraction of NOM and it represents the portion
of carbon that is available for use as a nutri®ninicroorganismsTwo main analytical
methods exist for the analysis of the fractions utilised by bacteria: biodegradable
dissolved organic carbon (BDOC) and assimilable organic carbon (AOC). The former
relies on the indigenoumicrobial consortia and the latter utilisesm assay of known
bacteria The BDOC content is frequently greater than that for AOC due to the potential
range of microorganisms contributing to the carbon consumption (American Water
Works Association, 2003).

The numbers of certain microorganisms haeerb shown to correlate closely with

NOM concentrations, for example, speciediyicobacterialHumrighouseet al,, 2006)
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and heterotrophic bacteria (Srinivasan and Harrington, 2007). AOC concentrations
below 10e d* are effective in controlling biofilm gwth in nondisinfected
distribution systems (Hammes and Egli, 2005). Mewal (2007) state that as little as
30¢ g id sufficient to render water microbiologically unstable, but thate1@0" id

the threshold forkE. coli re-growth in the distribtion system. Carteet al. (2000)
observed no correlation between AOC and bacterial numbers. They pabstiédtéhis

was because othe low concentration (0.01 0.27 mg 1) of AOC in thér water.
Environmental water and particulates entering the ptpesugh ingress will impart
BOC to the system and encouragegrewth (Blanchet al, 2007; Wojcickaet al.,
2008). Biofilm dislodged from the pipe surface can also contribute to the nutrient
content of the bulk water (Chieat al, 2009). Between 1.0 ari2.0 % of the organic
matter particulates in the distribution system maybleeause obacterial biomass
(Vreeburg and Boxall, 2007).

Ozonation of NOMrich waters can generate biodegradable fractions that had not been
present in the raw water (Het al, 1999; Chieret al, 2009). To reduce bacterial-re
growth potential and DBRormation, Hu et al (1999) and Chieret al. (2009)
recommend following ozonation with GAC filtration which was shown to remove
greater than 8% of AOC. Other methods for the rewa of BOC from drinking water
include the use of reverse osmosis or nanofiltration (NF). Both processes are able to
remove larger molecules, turbidity and microorganisms. Megtaal. (2007)reported

poor removal of AOC with NF; furthermore, when tridllevith mixtures of AOC
compounds as would be found in natural waters, NF performance declined. They
suggestd that its use produces an ialance in the AOC:microorganismatio. In so
doing, selective rgrowth in the distribution system is favoured througtduced
competition. They therefore recommend a biological filtration step in conjunction with
NF.

Kerneiset al (1995) and Dukaret al. (1996) noted that using BDOC as a control
mechanism for bacterial growth is only beneficial when associated with temperature.
For higher temperatures, the minimum BDOC for control is much lower than in winter
or early spring when high levels of BDOC cahihe degraded (Kerneét al, 1995).
Dukanet al.(1996) concluded that a BDOC concentration below hg3™*, combined

with a water temperature of less than°@6enabled a natural limitation of bacterial
biomass in the distribution system without the use of chldrased disinfection.
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Volk and LeChevallier (1999) observed that reducing BOC concentrationtedesu
improved chlorine stability in distribution, but that chloramines were unaffettesly

also showed thabiofilm density and bulk water HPCs were reduced after several
months of improved BOC removal from the raw water. In contrast, Norton and
LeChevallier (2000) showed that reducing BOC concentrations in treated water reduced
the growth rate obiofilms only in the shorterm,and Kerneist al (1995) found that

the numbers of heterotrophic bacteria were unaltered even with demonstrable reductions
in BOC.

The inconsistent response of microorganisms to carbimoval strategies suggests that

limiting this nutrient alone is insufficient as a control mechanism.

2.5.2.2. Nitrogen
This review has not found arsyudiesconsidering nitrogen as a nutrteto be removed
from the raw water. The presence of high levels of nitrate in drinking water can cause
methaemoglobinaemia in bottled babies. It is very rare and no cases have been
recorded in the UK since 1972. However, the condition is serious asadithate is
regulatedunderthe Water Supply (Water Quality) Regulations 200(Emgland and
Wales( He r Maj est yos St andthekcuregpewyde DDinking Wagey 2 00 0)
Directive (Council of the European Communities, 129Bhe principal source ofitnate
in drinking water is raw water impacted by agricultural fertilisers. A secondary source is
as a result oflisinfection withchloramine (Parsons and Jefferson, 2006); the presence
of nitrifying bacteria in the distribution system can lead to thdetiep of residual
chloramine and the formation of nitrate and nitrite (Sawgeral, 2003; Crittenderet
al., 2005). Nitrifying bacteria are present in the distribution system regardless of the
water temperature and can only be controlled by very higiery lowconcentrations of
chloramina. In the former casethe high chlorine concentrationnactivates the
nitrifying bacteria whilst in the latter case, the low ammoriancentratiodimits their
growth(Berryet al, 2006).

2.5.2.3. Phosphorus
Phosphorus is rarely the limiting nutrient in natural waters (Lehtola, 2002). Lehtola
(2002) observed that hpsphoruswas effectively removed by coagulation and
flocculation at the WTW. Concerns have been raised over the application of phesphate
based cowsion inhibitorsor metal pipesand additives used in plastic pipe manufacture
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(Szewzyket al, 2000). The princig reason for adding phosphor(es orthophosphate)

to water supplies is to reduce plumbosolventitis protectsconsumers from lead,
which has been found to cause mental retardation in children and damage to the brain
and kidneys of adults; it is also considered a probable carcin@anking Water
Inspectorate, 2003; Sawyetr al, 2003).

Findingsdiffer on the impact of phosphorus on noloial growth in the distribution
system. Gouideet al. (2009) concluded there was no effect; whilst Jutnal. (2007),
Rubulis and Juhna (2007) and Fasigal (2009), demonstrated significant impacts
through addition of phosphorus. Faeg al (2009) bund that adding phosphorus
inhibited the production of ER®iofilms with less EPSwverelooser and less stable,
making themmore prone to sloughing. Juhed al (2007) and Rubulis and Juhna
(2007) observed th&. coli culturability, but not number, was increased in phosphorus
enriched water. Rubulis and Juhna (2007) observed that even by reducing phosphorus to
below detectable limits biofilm formation was not impeded. Tleudy did not
consider the possibility thathpsphorus was not the limiting nutrient in their system.
Lehtola (2002)observed that Finland and Japan haesphorus limited water
supplies; Rubulis and Juhna were analysing Latvian tap watbnaet al. (2007)
determined that increased phosphorusceatrations enableB. coli to persist in the
distribution system for 1@ays before washout, as comparedfdar days without

nutrient enrichment.

2.5.3. Plumbing/pipe materials

Distribution systera are frequentlyong, reticulatedand brmed from pipe®f varying

age diametermatrial and quality (Francisquet al, 2009). The majority of drinking

water pipes arenadeof iron, steel, plastics, asbestos cement, concrete, lead and copper.
Of these, asbestos cement and lead are no longer used for es\{Qoiftendenet al,

2005) Taste and discolouration issues have been associated with iron and copper pipes
(Parsons and Jefferson, 2006; Vreeburg and Boxall, )2@apper piping is used
primarily in domestic plumbing (Sawyet al, 2003).Galvanisedsteel was commoim
household pipsvork, but is no longer used in the UK'rittenderet al, 2005)

Biofilms develop on any surface in contact with water and can be evident within a few
weeks of installation of new pipes (Gouidadral, 2009). Rogerstal. (1994) and Obst
and Schwartz (2007) demonstrated that differences in biofilm development and
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coverage on different pipe materials were stemn (24 h and 15 daysespectively),

and that an investigative period of months rather than weeks resulamparable
coverage. Thigs supported byPercival et al. (1998) and Traczewska and Sitarska
(2009). Much of the research into biofilm development has relied on the use of coupons
placed perpendicular the flow ofwater, which renders the hydraulic diions within

the system umepresentative (Halbtoodleyet al, 1999). Deinest al. (2010) have
developed a coupon that fits flush with the pipe wall thereby resolving this issue in

biofilm studies

Corrosion of iron pipe walls can lead to the reéeakiron in a form that is btavailable

to bacteria encouraging biofilm development (Norton and LeChevallier, 2000; &erry
al., 2006). Wanget al. (2009) observed that iron release rate decreased with pH,
alkalinity and increasing DO, but increasedhaiiticreasing chlorine concentration. Iron
pipe surfaces consume chlorine residuals representing further inducemend towa
bacterial regrowth in the distribution systeiBerry et al, 2006).Pitting corrosion of

iron pipework has been noted at the lowayérs of biofilms (Chiert al, 2009). Teng

et al. (2008) found that this corrosion period was stiogd and that after 7 days, the
biofilm served to inhibit further corrosion of iron pipes. Percefaal. (1998) observed
similar processes on stainlessel.

The dissolution of copper has been shown to reduce biofilm develogBary et al,

2009; Molteniet al, 2010; Warnest al, 2010) Rogerset al. (1994) and Moltenet al.

(2010) observed different levels of effectiveneise to the presence of copper
resistance in some bacteria. In contrast, Obst and Schwartz (2007) and Mbabw
(2008) found no benefit to using copper pipes. Obst and Schwartz (2007) observed that
their biofilms supported hygienicatelevant bacteria anellorrow et al. (2008) found

equal biofilm coverage on copper and polyvinyl chloride (PVC).

Many plastics exhibit low reactivity with disinfectants; for example, PVC and high
density polyethylene (HDBE(Yang et al, 2007). Traczewska and Sitarska (2009)
asessed the rate of biofilm development on various plastics: PVC, polyethylene (PE),
polybutylene PB) and polypropylene (PP). They observed lower surface roughness in
PVC and PE with more cohesive and less spatially diverse biofilms. In contrast, PB and
PP had rougher surfaces and exhibited pitting damage; interestingly, they also had
biofilm cells that could not be removed by ultrasonic treatment, even though it was
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believed that the increased surface roughness resulted in poorer cell adhesion. The
smoothe surfaces of PE and PVC only delayed the initial stage of biofilm growth,
subsequent stages tended to be more tagxduse othe release of carbon compounds
from the plastic fixers, stabilisers and hardeners used in their manufacture and
installation. Atendency for more rapid biofilm establishment on rough surfaces was
also observed by Shiu et al.(2007).

Systematic assessment and management of the disinfection apparatus, storage reservoirs
and pipework are crucial to the maintenance of bacterimalgquality (Geldreiclet al,

1977; Damikoukaet al, 2007; Donget al, 2009). The princi@ techniques for
removing microorganisms and other deposits from pipes are flushing, air scouring and
swabbing (Vitanageet al, 2004; AlJasser, 2007), or the meoaggressive pipeline

i nternal g a u(bgehtolagt al, 280p4; Miettinenetd., 2001). Routine and
emergency response flushing may not necessegpyesentan optimal management
strategy (LeChevallieet al, 1987); Chowet al. (2009) advoca a biofilmbased pipe
inspection programme to optimise maintenance.etal. (2008) found that biofilm
growth reached a maximum at d@ys and recommead that removal techniques be
applied approximately monthly. Flushing involves discharging water through pipelines
at sufficient velocity to dislodge accumulated material and biofilms. It is a simple
technique, but it does not remove all of the biofdumd ©nsumes large volumes of
treated waterAir scouring entails injecting water and compressed air into pipes. If the
rates are well controlled, parcels of water are driven along the pipe at high velocity by
the air. This technique is more effective at remgvileposits from pipes than flushing
alone. Swabbing uses water pressure to push a large foam sponge through the pipe. The
effectiveness is determined by the velocity of the water and is more efficient than either
flushing or air scouring (Vitanaget al, 2004). Pigging uses a rigid steel form in place

of the swab and is the best technique for removing harder deposits (stide|a2002).
Maintenance practices have been linked to approximate®p df discolouration and

taste and odour complaints (Fursasal, 2013.

Pipes that have been cleaned can be lined with more bigddstant materials. The
most common linings include PE shipers or epoxy or PVC resin coatings (Ainsworth
and Holt, 2004). The World Health Organization (2004) recommendslistaibution
systems with a high risk of failure for bacteriological parameters undergo full pipe

replacement to protect consumers.
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The distribution system detailed kiigure 1 containsductile iron, cast iron and concrete
pipes.Biofilms will grow on all three materials. Maintenance warkvalve operations
in the distribution system could have disturbed stable biofilms in the lead up to the

coliform detection at the reservoir.

2.6. Modelling of bacteria in the distribution system

Low numbers of indicator bactersae recovered from distribution systerasd thust

has proven difficult to model their occurren@riou et al, 1997) Modelling work by

Clark and Coyle (1990) and van Lieverlebal. (2007) concluded that this probleniliw
persist while the sampling programmes fihese bacteriara based on periodic
monitoring. And, like Schetst al. (2005), they concluded that smalhmple volumes

also reduced the likelihood of detecting indicator bacteria. Clark and Coyle (1990)
stated that it was importafbr improved models of travel time in water distribution
systemsto bedeveloped. Gronewoldt al. (2009) aimed to model andagafict faecal
indicator bacteria in raw waters. They stressed that Eheaoli models were only as

good as the bacterial decay rates used and the manner in which data variability was
addressed. Besnet al. (2011) appliedthe Quantitative Microbial RislAssessment
(QMRA) model to the issue of microbial intrusion to the distribution system. They
concludel that, at present, most models are based on estimates because empirical data

for all possible factors involved in a contamination event argetavaileble.

Donget al.(2009) used principal components variables and a binary response to model
and predict the probability of an HPC event,
Using this method, they were able to identify regions of high microbiologicalirrisk

their water distribution system. @ime monitoring tools for physical and chemical
parameters (for exampléemperature, residual chlorine ahdarbidity) have become

more widespread in recent years. They are often combined to develop an understanding
of potential bacteriological risk. McCoy and Olson (1986) observed that turbidity and
particle counts in drinking water distribution systems were directly proportional, but
that neither parameter correlated with bacteriological quality (measured as BR(s).

et al. (1995) employed the then new EPANET model to identify the impact of pipe
diameter and flow rate on chlorine demand. Their work concluded that loss of chlorine
residual was impacted by: pipe wall demand, water age, flow rate, pipe radiusland bu

water demand.
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The use of odine chlorine sensors has been suggested as a surrogate for monitoring
bacteriological quality in distribution (Faro@q al., 2008; Helbling, 2008; Helbling and
VanBriesen, 2008)I'he influencing factors identified by Claéek al. (1995) would need

to be accounted for if aline chlorine monitors were used for this purpddelbling

and VanBriesen (2008) observed that there was a high level of specificity between
different bacteria and chlorine demand in pure cultutfetbling (2008) comments that

for low densityE. coli suspensions, less than’tdlonies mi', no chlorine demand was
observed, but thaat higher densities directly proportional chlorine demand and cell
survival was demonstrated~aroogetal. (2008) found oly a weak inverse correlation
between chlorine concentration and coliform counts. Mahto and Goel (8B88jved

that no strict correlatio existedbetween free and total chlorine residuals and faecal or
total coliforms and HPCs in either double distilled water or tap water. They concluded
that this was because of the independence of microbial growth from chlorine residuals
at concentrations below®mg [* free chlorine and 0.7&g I* total chlorine. Any use

of chlorine sensors as a surrogate for bacteriological quality should be cautious.

2.7. Summary

Access to clean, safe drinking water is responsible for vast improvements in human
health. Deelopments in source water protection, water treatment and distribution,

operation and maintenance of WTWSs, water quality monitoring and training and

education of practitioners continue this upward trend.

The aims of water quality monitoring are assurethe safety of drinking water for
consumersand to monitor the performance of treatment procesd$acteriological
quality monitoring at present relies orelatively cheap and easy cultubased
techniques; thesmethodstake at least 24 h to generate auledHPCs are measured to
provide trendinformation on bacteriological quality and the following indicator
organisms are tested for: coliformg, coli, C. perfringensand Enterococci. The
presence of indicator bacteria in treated water suggests envirtainunfaecal

contamination.

Newer techniquesdased on PCR and luminescence/fluorescdreee the potential for

futureuse inbacteriological monitoring.
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Raw water can be impacted by lanses in theiver catchment or areas surrounding
groundwater gurces. Surface water and groundwater WTWs have different treatment
priorities because oflifferences in perceived raw water riskteavy rainfall is a risk

factor for bacteriological contamination of both surfa@er and groundwater sources.

Ingresscan occur in damaged portions of the distribution system, for example where
pipes have holes or cracks in them. Weaknesses in thdingpean be exacerbated

during system depressurisation following insensitive valve operations or a burst.

Disinfection is designed to prevent the spread of waterborne disease. It does not
produce sterile water. One study showed that up to%6o8 coliforms in treated water

were injured but not killed by disinfection. Injured microorganisms can recover when
environmental conditions improve. The most common chemical disinfectants are
chlorine, compounds of chlorine such as chloramines and chlorine dioxide, and ozone.
Chlorine and chloramines enable residual disinfection to be maintained through the
distributionsystem to discourage bacterialgmwth and reduce the impact of breaches

in integrity. In England and Wales final disinfection with chlorine or chloramines is a
regulatory requirement. Chlorine and chloramines must be dosed with due consideration
of organic matter in the water to avoid exceediD§P limits. This is of especial
concern when a distribution system requires boatigénfection. Chlorine decay rate
increases with water temperature and it is necessary to increase residual free chlorine
concerrations as water temperatures rise. Free chlorine concentrations in excess of
0.3mgl™ have been shown, by some researchers, to control bactegabweh in
distribution and protect supplies if an ingress event occurs. Other studies found that
chlorine residuals had little impact on-geowth. Turbidity can protect microorganisms
from disinfectants and generate chlorine demand. Coliforms adsorbed onto organic
particulates were more resistant to disinfection than those adsorbed on inorganic
turbidity. GAC particulates in filtered water have been shown to hinder effective

disinfection and allow viable bacteria to enter the distribution system.

The majority of drinking water pipes are made of iron, steel, plastics, asbestos cement,
concrete, lead and copp Biofilms develop on any surface in contact with water and
can be evident within a few weeks of installation of new pif=teria enter the
distribution system in low numbers from the environment and source water and are able

to persist through the fimation of biofilms. All surfaces within a system are covered by
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biofilms, which are made up of bacteria, fungi, algae, protozoa and amoebae held
together in an EPS matrix. Cell detachment is a normal part of the biofikoytfe.

Most researchers haven@vn that biofilms represent an important reservoir for
pathogens within the distribution systefacteria persisting in biofilms are more
difficult to disinfect than those in bulk water. It is thought that the EPS matrix confers

disinfectant resistance ap biofilm bacteria.

In order for heterotrophic bacteria to grow and reproduce, the ratio of carbon to nitrogen
to phosphorus is approximately 100:10NIOM is present in all natural water sources.
The majority of NOM is removed during water treatment, d@onation can generate
biodegradable carbon compounds that were absent in the raw Matearmer water
temperatures, the minimum NOM concentration for control of bactergtowth is

much lower than in winter or early spring when high levels of NCainot be
degraded. Reducing NOM in final water enhances the stability of chlorine in
distribution, but not that of chloramines. Biofilm dislodged from the pipe surface can
contribute to the nutrient content of the bulk water. Between 1.0 and 12.0 % picorga
matter particulates in the distribution system may be because of bacterial biomass.
Nitrogen has not been identified as a limiting nutrient. Care must be taken to ensure
nitrate and nitrite concentrations are within safe limits: these can enter raw wat
through agricultural fertiliser ruoff or be produced whenhloramine disinfectionis
used.Phosphorus is rarely the limiting nutrient in natural watBtsosphorus may be
added to supplies where the distribution system contains lead pipes; the aiirast
practice on microbial growttlepends on the source water

Bacteria can be transferred to tap surfaces through human or animal contact, splash

back from contaminated water, or carriage in air currents.

Samplers and laboratory staff undergo tmagnin hygienic working practices. Studies

show that there must be continuous reinforcement of this training to ensure its success.

The low numbers of indicator bacteria recovered from distribution systems has made it
difficult to model their occurrencet lhas been suggested that this is due to the
dominance of periodic, rather than continuobsgcteriological monitoring. Using
changesin free chlorine concentratioas a surrogate for bacteriological quality in
distributionsystemsas produced conflictingesults
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2.8.Conclusions

Distribution systems are compleindicator bacteria in the distribution system are
affected by the presence or absence of disinfectants, the type of disinfectant, the
availability of nutrients, and the plumbing and pipe materials in use in the network.
Water samples collected to monitdretbacteriological quality of distributed supplies
can be impacted by many factors: raw water quality, treatment failure, ingress to the
system, biofilm in the pipes, contamination of the sample taps and poor hygiene practice
by samplers or analyst&\ny of these factors, or combinations thereof, could have

impacted the water quality at the reservoiFigurel.

At present, bacteriological models fdistribution systems lack robustness in light of

the number of factors that must be accounted for. In addition, the tools that are currently
relied upon for microbiological monitoring are cultdrased,and thereforeslow and
susceptible to selection biaBhe development of genotypic identification toafsd on

line monitoringis in progress, but it will be some time before culibesed methods are

replacedoy less timeconsumingechniques

The complexity of distribution systems and of the factors #itect bacteriological
quality within them means that methods to prevent failures must be tailored to
individual systems. There is a need for better standardisation in experimental design and

improvedtranslation of laboratorfindings to realworld situations.

2.9.Research Questions
In light of this review, and with regard to the overall research fogimproving Root
Cause Analysis of Bacteriological Water Quality Failurés t he f ol | owi ng

be addressed in this thesis:

What are thenain causes of bacteriological rRoampliances in UK water supplies?
Wherein the water supply systedo most bacteriological failures occur?

Which indicator organism is most frequently detected?

Is UK bacteriologicatompliance impacted byeatheiphenomena

a k> w0 N E

Can improved analysis obnline monitoring and spedample data beisedto

inform the root cause analysisladcteriological failures?
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Furthermore, to meet the Doctorate of Engineering thesis requirements, a further

research question will bexawered:

6. What financial impact do bacteriological failures haveadsK water compary

Between 2008 and 2011, Severn Trent W&BIW) experienced 218 bacteriological
failures across the three sample points:
taps. Questions 1, 2 andM8l be answered through analgsf the data collected as part

of the root cause analysis for these 4tompiances (Chapter 3) Question 4
incorporaes climate datainto the analyse® determine their impagon the tendency

for bacteriologicalvater quality samples to fgilChapters 3 anf).

The cost of bacteriological failures will be determined throughinderrogation of
failure data relating to the investigat®mite visits and reporting requirements for each
of the 218 failures between 2008 and 2011. Further information will be gathered from
STW staff to account for the cost of remedial works to mestwater quality
(Questiong; Chapter 4).

The use of case study sites allows adepth analysis of a variety of data sources to try
to identify weaknesses in the treatment mmocess management ofWTWs for
bacteriological quality. Question Bses two WTW sites which have experienced
multiple failures to investigate theility of advanced statistical tools in identifying root
causes. The analyses include spmipled and monitdime-series data from the final

monitoring point (Chapters 5 and 6)rahghplant and weather stations (Chapter 6).

2.10. Statistical tooldor analysing time-series data

Analysis of timeseries data can perform two principal functions: 1) to show
correlations among a variety oéxamplgitha met e
detection of indicator bacteria (water quality fingerprints); and 2) to identify a time lag
between changes in one parameter and those in a second. In this section, statistical tools

for both functions are explored.
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2.10.1.Water quality ingerprints
Three clustering tools that could be used to show the water quality characteristics at the
time of bacteriological nosompliances are detailed: S€ftganising Maps (SOMs),

a-means clustering and Principal Component Analysis (PCA).

SOMs are a fye of artificial neural network that is trained using unsupervised learning.
They were developed by Teuvo Kohonen (Kangas and Kohonen, 1996; Kohonen, 1998)
and have been applied to a variety of disciplines, including economics (Deboeck and
Kohonen, 1998)genetics (Tamayet al, 1999), climatology (Hewitson and Crane,
2002), engineering (Kohoneat al, 1996) and water quality (Kalteh and Hijorth, 2008).
SOMs enable the visualisation of highmensional input data in a low (usually two)
dimensional outpuspace. They are based on matrices of nodes. Each matrix contains
sufficient nodes to match the number of data points in each parameter. The nodes of the
base SOM are assigned random values between 0 and 1. The SOM algorithm first
normalises the input data between 0 and 1, then it introduces the first normalised data
point to the matrix, and assigns it to the node that most closely matches its value. Each
new normalised data point is introduced and assigned to its own closely matching node
until all the rodes are filled. The generation of the map requires two sets of data
matching runs: rough training to learn the global structure and fine training to complete
the maps. The output space is coloaded and refers to the original values of the input
data. Additionally, labelled SOMs can be created using-nomeric data. These are
clustered independently of a myttarameter SOM but can be used to classify regions

within it.

a-means clustering partitions observations into clusters around the mean vakgss. Th
clusters are used t aneacshclustaimgthasrbeen eisedima dat ase
variety of disciplines, including: genetics (Lam and Tsang, 2012), biometrics (Eunir

al., 2012), traffic management (Montaz&h and Fotouhi, 2011) and roboticdgkgo

et al, 2011).

PCA determines the underlying distribution of a complex dataset aexpresses it

linearly on the basis of its principal components (PCs). The PCs describe the variance of

the dataset, with the first PC exhibiting the greatestamag. The second PC exhibits

less variance and is tgorrelated with the first PC (Shlens, 2003). PCA has been

employed in many subject areas, including: health (Hosiirad, 2005; Babaojl u a
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Fendeék, 2010) , air pol | utetialg B010n and fingnsia s  ( v
assessments (Juneja, 2012).

2.10.2.Identifying a time lag
Crosscorrelation, AuteRegressive Integrated Moving Average (ARIMA) method and

wavelet analysis are considered for the assessment of temporal similarity in thesdataset

Crosscorrelation is a measure of the similarity of two variables (signals) as a function
of a time lag between them (Bracewell, 1965). It achieves this by aligning peaks (or
troughs) across the two signals at different lags and hence can be ustintongéethe

time delay between two signals. Crassrelation has been shown to be reasonably
robust to sparse sampling frequencies (White and Peterson, 1994). It has relatively low
memory and processing requirements (M@&aal, 2005). Crosorrelationhas been

used for a wide variety of signal processing purposes, including: telecommunications
(Beck, 1981); spectroscopy (Womrg al, 2005); meteorology (Lees al, 1971) and
earthquake detection (Shearer, 1997).

ARIMA is widely used in forecasting;of example of energy resources (Ediger and
Akar, 2007; Zhu and Wei, 2013), stock prices (Pai and Lin, 2005), river water quality
(Kurung et al, 2005; Faruk, 2010), and monsoon rains (Narayatah, 2013). There

are two key parts to the ARIMA method:taregression (AR) and moving average
(MA). The AR component assumes that, subject to a time lag, it is possible to estimate
future data in a time series. It describes the data in terms of a linear combination of past
observations and a random error elem@&he MA component attempts to explain past
errors that cannot be accounted for by AR. The integration of these two components
enables the description of the underlying data patterns and can be used to extract time
lags between input parameters (Ediged akkar, 2007; Narayanaet al, 2013).
ARIMA is only recommended for datasets containing at least 50 observations (Khashei
et al, 2009; Christodoulogt al, 2010). It is computationally expensive (Glantz and
Mun, 2011).

Wavelet analysis, like crosrrelation, seeks to align peaks (or troughs) across two
signals and can therefore be used to determine the time delay between two signals.
Wavelet analysis separates the core signal from noise in the dataset ushsglagiesl

filter. It has been used in\ariety of disciplines including: engineering (Dieg al,
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2011; Perpifian and Lorenzo, 2011), water quality monitoring (Tsabaris and
Prospathopoulos, 2011; Zharegal, 2012), population ecology (Cazellesal, 2008)

and climate data analysis (Lau awkng, 1995; Chellalet al, 2010; Ozgeret al,
2010). It is computationally expensive (Cooper, 2009).
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3. Company Data Analysi$

3.1. Introduction

Severn Trent Water (STW) monitors coliform bacteria &dcoli on every sample
collected for regulatorpurpose®ndC. perfringensand Enterococci in accordance with
identified risks in the raw water catchment or supply area. After a detection of indicator
bacteria, investigatory samples are collected and all four bacteriological parameters are
measured on these samples regardletseahitial testing criteria. The data presented in

this Chapter refer only to the results from the first, regulatory sample.

Each time a sample fails to meet thecteriological standards STWpen a dedicated
file to record the investigation and thenredial actions taken. These files are called
Exception Reports and are used to enable accurate reporting to the Drinking Water

Inspectorate. This chapter seeks to answer research questions 1 to 4:

What are the main causes of bacteriologicatommpliance in UK water supplies?
Where in the water supply system do most bacteriological failures occur?
Which indicator organism is most frequently detected?

w0 N PR

Is UK bacteriological compliance impacted by weather phenomena?

Three potentially suitable toofer deweloping water quality fingerprintwere reviewed

in Chapter 2. Of these, Sdlirganising Maps§OMs) were selected because of their

i ntui tive -meabhsplustering &d Principal Components Analysis require
translation in order to relate the outpto the inputted data. Since the intention of these
analyses was to inform operational practices it was desirable to use a tool that was
clearly related to the analysed parameters. SOMs also allowed the analysis of non

numeric data using the labelled S®hkdol.

3.2. Methods
3.2.1. Severn Trent Waterods sampling proi
The following procedure is used by STW samplers when collecting routine water

guality samples:

! This Chapterhabeen published in part in a chapter of 6T
A Gl obal P e r sepat 20l2; and i the WaterESciéncesand Technology publication, K. Ellis
et al, 2013.
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1 The sample tap is flushed for a minimum of 2 min to ensure that the water is
representativef water in supply.

1 Aliquots of water are analysed for free and total chlorine using the digthyl
phenylene diamine (DPD) colorimetric standard method (Standing Committee of
Analysts, 2010a). The water temperature is measured using a digital thermometer.

1 The tap is turned off. Water treatment works (WTW) final and reservoir sample taps
have simple spouts with no additional flow modifiers (pressurisers, sprinklers, etc.);
if customersd taps have r etakenvolf bhe eutef | o w
and inner surfaces of the tap are sprayed with 10,000 mflorine solution and a
2 min contact time is allowed for disinfection.

The tap is flushed again for 2 min.

A 500 ml bacteriological sample is collected in a sample bottle dosed with sufficient
sodium thiosulphate to neutralise free or combined residual chlorine in
concentrations not exceedingry Ch I™* (Standing Committee of Analysts, 2010a).

1 At some WTWs and reservoirs, the sample tap is constantly running. When
sampling at these sites, the flushing steps are omitted, the tap does not get turned off
and only the outside of the tap can be disinfected.

Samples are transported in refrigerated containers to the laboratory and microbiological
analyses occur within 24 h of collection. Total coliforms &ndaoli are enumerated on
membrane lactose glucoronide agar following the agarn u f a gtotocol dxo@ s
2012), which conforms to Methods for the Examination of Water and Associated
Materials (Standing Committee of Analysts, 2009). Enterococci are enumerated on
membrane Enterococcus agar a@tbstridium perfringenson membrane tryptose
sulphite cyclosene agar (Standing Committee of Analysts, 2012; 2010b). At the end of
the incubation period the number of colonies is counted and recorded as colony forming
units (CFU) 100 mit.

3.2.2. Company data collection

The following data were extracted from STW déption Reports for all routine
bacteriological norcompliances betweeri'January 2008 and 3December 2011:

1 Date of failure;

1 Sample point type: WTW final, reservoir, customer tap;

1 Failure type: total coliformg. coli, C. perfringensEnterococci;

1

Number of colonies recorded:;
46
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T Chlorines: free and total, mg;|
Water temperature, °C;
Success of investigation to find the cause of failure: single cause identified, multiple
potential causes identified, unknown cause. If a single cause was identsiedathi
recorded;

1 Tap type and location;

1 Source water type: 10% surface water (S), surface water > groundwater (S > G),
surface water = groundwater (S = G), groundwater > surface water (G > S), 100 %

groundwater (G).

3.2.2. Climate data collection and dypsis

The following monthly weather data for the Midlands region were collected from the
Met Office website (Met Office, 2012) for the period®1January 2008 to 31
December 2011:

1 Air temperature, °C: minimum, maximum and average;

{1 Total hours of sunsh@ h;

{1 Rainfall, mm;

1 Number of days with rainfall > 1 mm, d;
1 Number of days with air frost, d.

The percentage failure rate was calculated using the total number of bacteriological
samples per year, indicator organism, sample point type, free and totahehlo
concentration range, water temperature range and source water type. Statistical analysis
was conducted using Pearson rank correlation to determine potential correlations with

climate data.

3.2.3. SeHOrganising Maps

The analyses were carried out using the MATLAB® SOM Toolbox version 2.0
(Laboratory of Computer and Information Science, Finland). The default settings of
linear initialisation and batch training were selected. Each variable is represented by a
colourcodel rectangular plot called a component plane; a specific location in one plot
is related to that same location in all corresponding component planes, enabling an

understanding of how parameters change one with another.
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A SOM was generated using the folliogy parameters: year of failuf@00871 2011)
month of failure(January = I December = 12)number of colonies recordedolony
forming units (CFU)100 mi*, free and total chlorine concentratigmg ') and water
temperaturg®°C). Labelled SOMs werereated for the following: sample point (F =
WTW final; R = reservoir; T = customer tap), indicator organism (CO = total coliforms;
EC =E. coli; CL = C. perfringens EN = Enterococci), tap type (ST = STW standard;
2K = kitchen mixer tap, metal with inset; 4K = kitchen single tap, metél with
inser), root cause identification (S = single cause; M = multiple potential causes; U =
unknown cause), and source water type (S = 100 % surface vater;100%
groundwaterSG = blend S > G; E = equal blend; G8lend G> 3).

U-matrix AirTemp degC

a) ‘ 0.143 _>‘ 15.9 b) Month

0.087 9.75
[ ]
o -»‘
3.62
d

0.0312

§
5
S
20

(20
@
<

2O
S0

Sunshine h
- ’ 219

135

—P‘ 51.2

SOM 28-Jun-2013 d

(20
@
&)

088

@
(&)

&)

Figure 2: a) Selforganising map of average air temperature, °C, and number of hours of sunshine
per month; b) labelled SOM of month.

As an example, using two datasets from the climate dadmre 2a shows a SOM
generated using number of hours of sunshine per month, h (n = 48), and average air
temperature, °C (n = 48). The resultantratix is the pattern of clusters recorded by

the SOM algorithm. It can be observed that broadly speaking, the greater the number of
hours of sunshine per month the warmer the average air temperature, and the smaller the
number of hours of sunshine, the cootbe average air temperature, as would be
expected. Looking at specific locations, it can be seen that the hottest air temperature
(15.9 °C; dark red) was recorded during the months with the most hours of sunshine
(219 h; dark red) (marked with); however, the coldest air temperature (3.62 °C; dark
blue) was recorded during months with approximately 80 h of sunshineb{oayl
(marked with? ) and not the least hours of sunshine (51.2 h; dark bkigire 2b

shows the Labelled SOM of month from the same dataset (n = 48). It shows that
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summer months are clustered in the top part of the Map (marked-wjtand winter
months are clustered ime bottom part (marked with—). The arrangement of the
month data also shows that high air temperature is more characteristic of July and
August than longer hours of sunshine and that fewer hours of sunshine are more

characteristic of January and Decanthan low air temperatures.

3.3. Results and Discussion

3.3.1. Overview of failures

Figure 3 provides an overview of the number of bacteriologiealufes recorded by

STW between 2008 and 2011, as a percentage of the total number of analyses for
indicator organisms and as absolute numbers. Across the four years 218 failures were
detected representing 0.098 of all bacteriological analyses. BetweerD2and 2010,

the number of failures declined: 2008, 59 (0.09Dbf analyses for indicator organisms

that year); 2009, 43 (0.086); 2010, 42 (0.065%6); but 2011 saw an increase in the
number of norcompliances to 74 (0.114%; Figure 3a). In January 2008the
concentration of chlorine solution used to disinfect sample taps was increased from
1,000 mg T to 10,000 mg*t (Standng Committee of Analyst2002. By comparing

the number of failurefor 200671 2007 and 2008 2009 it was showrthat thenumber

of failures was halved by the change in protocol (significant a&(0p05; data not
shown). The improvement in annual compliance from 2008 to 201dikedhg to be
because of the new tap disinfection protocol and the increasing proficiency of samplers
in its execution. The increase in 2011 could have been spurious; in 2012 there were 59
bacteriological failures, the same as in 2008. However, a new sgmpbtocol was
introduced in April 2012 requiring the double disinfection of taps prior to collecting

samples and this may haveimped2 0 1 26s compl i ance.

Total coliform bacteria accounted for 188 failures (representing @4l6Danalyses for

that paameter), C. perfringens for 16 (0.171%), E.coli for 13 (0.011%), and
Enterococci for a single failure (0.006; Figure 3b). The percentage failurates for
coliforms andC. perfringenswere similar; the latter is monitored for less frequently
than the former. For all four groups of bacteria, it was common for only one colony to
be countedTable2); 52.75% of all failureswerecaused by singlecolony, 86.70% of

detections were for ten or fewer colonies.
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Figure 3. Percentage of bacteriological failures per total number of bacteriological analyses by a)
year, b) organism, and cksample point between 2008 and 2011. The number of failures per
parameter is presented aboveach bar.

The number of bacteriological failures by sample point is shoviigimre 3c; customer

taps accounted fat33 noncompliances (0.17% of analyses for indicator organisms
from those sample pointsyeservoirs for69 (0.05%) and WTW finals for 16
(0.024%); over onethird of norcompliances therefore were from company assets.
Distributed water is at its highest quality at the point where it enters the distribution
systemi that is, as final water leaving the WTW. Water quality declines as it travels
through the systa as was observed with the increasing numbers of failures at reservoirs
and cust o Feguresd. Failueep i the(final water may be the resulof
inadequate treatment or disinfection at the WTW (Blaattal, 2007) or localised

contamination of the sample lineortdpe ser voi rs and customerso6é6 tap
by localised contamination of the sample line or tap, loss of residual chlowfiénb,

microbial ingress (Levi, 2004ndlong water residence times at the extremities of the

distribution system (Srinivasaret al, 2008). Whilst it is not possible for water
companies to directly influence the maintena

they are required to implement suitable management procedures with regard to asset
sample lines and taps and turnover of watethe distribution system (World Health
Organization, 2004; Srinivasa al,, 2008).
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Table 2: Number of bacteriological failures by organism and number of colonies enumerated
between 2008 and 2011

Number of colonie: Organism
detected C. perfringens  Coliforms E. coli Enterococci
1 15 94 5 1
2to0 10 1 57 6
11to 25 8 1
26 to 50 10
51t0 75 9
76 to 100 8 1
>100 2

3.3.2. Success of investigats to find the causes of failures

Identifying theroot causeof a failureis vital for preventinga recurrenceA causeis
assumed to have been identifiedndlicator organismarefound duringre-sampling.If
re-samples are compliant, they provide malication as to the reason for tfaling

sample Therefore, if, after reasonable efforts to identify a cause have been made, no
cause has been identified, then the Exception Report is closed with the cause unknown.
In reality, the detection of indicatorganisms at a sample potduld indicate a failure
upstream of that location; for example, the cause of a customer tap failure could be
contamination at the tap, but it could also have originated from its supplying WTW or
service reservoirBetween 2008and 2011 53 failures had a single cause identified
meaning that remedial action could be taken; nine had more than one potential cause
(always ingress plus one other factor) and 156 had no cause iderkifijede@da). Of

the 156 failures with no cause identified, tenwere om cust onmsampe® t ap
were unable to reenter the property to collect-samples For the 53 failures with a

single cause identified, 43 webecause the tap was dirigightbecause of bacteria in

the plumbing or sample line, omkele tothe consequence afgress to the distribution
system, and oneesulted fromthe failure of an ugseam asset (an upstream asset is a
WTW or reservoir that supplies water to other sample poifEgyure 4b). Non
compliances that are attributed hettap or local pip&ork could be considered as false
positives because the source of the indicator bacteria was not deemed to be the water or

due to an ingress event or treatment failure.

The high proportion of rsamples that comply with the regulagomay indicate that

the bacteriological contamination was slight and transitory, or that greater care was
taken when resampling. If no cause can be identified from the investigations, it is not
possible to target remedial actions and thus the costs (wéithe considerable) cannot

be justified.
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Customers whose taps have been shown to be the cause of a bacteriological failure are
advised to use a mild chlorine solution to clean thess t@side and out to maintain
themin a hygienic conditionTwoo f ST W0 s causegfailureswhdsbthe taps

are routinely flushed they are not cleaned inside and out as part of routine maintenance
because of concerns of disturbing stable biofilms. Plumbing and sample lines in the
vicinity of the sample fa were also identified as causes of fwmmpliance For STW

and their customers, remedying this cause means thoroughly disinfecting the service
pipework or replacing it STW has a rolling programme of sample line and tap
replacement to ensure that sampes representative of the water from the WTW or
reservoir and are not impacted by the quality of the sample line. This practice is
recommended by the World Health Organization (20@1) Wdaesponse to nen
compliances can interrupt theplacement programe and result insites thatwere

identi fi ebgingmev édt i nit sk feplacemenpragtammes ar 6 s

11

a)

53

156

B Single NMultiple B Unknown BTap NPlumbing/sample line M Upstream asset failure O Ingress

Figure 4: a) Number of bacteriological failures by success of investigation, and b) number of single
cause failuresdivided by the causes identified between 2008 and 2011

3.3.3. Effect of tap type on compliance

Of the 218 failures between 2008 and 2085, werefrom STW standard taps, which

are found on WTWSs or reservoirs, 79 were from kitchen mixer taps made frcath met

with an insert and the remaining 54 rOro mp |l i ances may be cl assi fi
because of the much lower incidence of each of the individual tap typete8).

There are sever al tap configurations used by
type designs. A swan neck tapa narrow elogated pipe with a curved spout and the
0 Har r i satharrove gpoutifitiesl with a screw cap and isdineent standard for all
new and replacement installatio®hen samples are collected from assets, samplers
are not required to record the design of the kgp.cause was identified f@3.5% of
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STW standard tag compared with 63.% for kitchen mixetaps made from metal with

aninsert,and64% f or 6ot her d tap types.

The percentage failure rate fire different tap types was low awdnsistently below
1.0%. The highest risk customer tap types and locations were single metal taps with
inserts indownstairs cloak/bathrooms and plastic mixer taps with inserts from kitchens
with 0.94 and 0.84 % failure rates respectively. Both configurations were sampled less

frequently, which has increased the impact of the failures at each point.

Table 3: Number of bacteriological failures (both total and those with unknown causes) by tap type
and tap location, and total number of samples collected from that combination of type and location
between 2008 and 2011.

Number of failures

Tap type Tap location All sampled  Total Unknown cause
Severn Trent Water standard WTW or Reservoir 182292 85 71
Mixer tap - metal, without insert Kitchen 8226 13 11
Mixer tap - metal, with insert Kitchen 46040 79 50
Single tap - metal, without insert  Kitchen 5352 12 9
Single tap - metal, with insert Downstairs Cloak/Bathroom 562 3 1
Single tap - metal, with insert Kitchen 14539 17 11
Single tap - metal, with insert Utility 319 1 0
Mixer tap - plastic, with insert Kitchen 238 2 0
Supertap Kitchen 444 2 2
Not recorded Not recorded 2701 4 1

3.3.4. Impacbf weather on failure incidence
Berry et al. (2006 andPitkanenet al (2008 observed that some weather phenomena
impacted incidences of bacteria in drinking watéisual assessment of plots of
monthly rainfall and average temperature against numberfilofes per month
appeared to support this viewigure5a and b). Correlations between these parameters
were weak, howeverCorrelations with rainfth were stronger at 0 month shift than
whentime lag of one or two monthsvere appliedTable4). These resultdliffer from
the finding of Currieroet al. (2001) and Thomast al. (2006) thatbacteriological
contamination was commonly detected up to two months after a rainfall Beznt.et
al. (2006) and Pitkanert al. (2008) stated that operatooften did not adjusthe
treatment processes tocacint for heavy rainfall eventgleavy rainfall causes increased
loading of nutrients and turbidity to surface water WTWs due to runothelfwater
treatment process does not adequately remuueents and turbidity disinfection
efficacy can be comproised(Sawyeret al, 2003; Parsons and Jefferson, 2006; Farooq
et al, 2008; Wojcickaet al, 2008). The stronger correlation between failures where no
cause could be identified and total monthly rainfatl @ month shijt and number of
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days with rainfall> 1 mm suggests that weathginenomena may have impaced W6 s

noncompliances.The strongest correlations indicate that cooler conditions tend to

promote norcompliance: minimum temperature had a correlation coefficient of 0.26

and number of days withir frost had a coefficient 6D.28. It is worth noting that for

hours of sunshine, ir#all and days with rainfall 2 mm the correlatios wereslightly

stronger for failures with no known cause. For the other parameters the reverse was the

case.

Table 4: Pearson Correlation coefficients for monthly number of bacteriological failures (both total
and unknown causes) and monthly data for each of the weather phenomena recorded between 2008
and 2011. Includes results for rainfall datawith failure data correlated at one and two month shifts.
Shaded results highlight those where correlations were stronger for failures with unknown causes.

Bacteriological failures

Total Unknown
Maximum air temperature, °C 0.21 0.17
Minimum air temperature, °C 0.26 0.24
Average air temperature, °C 0.23 0.20
Sunshine, h -0.03 -0.09
Rainfall, mm (O month shift) 0.17 0.21
Rainfall, mm (1 month shift) 0.14 -0.13
Rainfall, mm (2 month shift) 0.08 -0.03
Days with rain > 1mm, d 0.10 0.16
Days with air frost, d -0.28 -0.26

3.3.5. Impact of residual chlorine concentration

Chlorine is an important bacteriological comtymarameter.S T WO s
management strategy states that the Water Quality Team should aim to achieve a

current

concentration of 0.20.1mgl™ free chlorine throughout the distribution system

(Severn Trent Water Limited, 2011). Chlorination effigais impacted by water

temperature and pH. Water temperature is measured via spot sampling, but spot

sampled pH measurements are rare.

Of the bacteriological failures with no known cause, 88 were observed from samples

with free chlorine less than Orgl™ (representing 0.22% of analyses from samples
with free chlorine below 0.2 mg' Figure6). Mahto and Goel (2008), Francisogteal.
(2009) and Wag et al. (2009) observed that OrBgl™ free chlorine controlled re

growth in the distribution system and offered some protection against bacteria that enter

through ingress. The data demonstrate that 121 failures with unknown causes were

detected in watewith free chlorine less than 0m8gl™ (0.276%), and if a tolerance of

+0.1mgl™ were applied, up to 142 nampliances could be avoided (0.3%4.
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Recommendations for total chlorine in the literature are harder to clarify since some
WTW operatorsa ppl vy chl orination and ot her s C
treatment works apply chlorination to the final water and none of thecorpliant
samples in this case study were from chloraminated systems. The data show that 96
failures were detected in satep with total chlorine less than 1y I'* (0.382%) and

146 where total chlorine was below O 1™ (0.476%:; Figure6).
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2011 (overleaf).

55



© 0.254 33
g 11
€
g < 0.20
8 o
o @®©
5 8 0.15
[] 4
a3 55
o g 41 1
3@ 1
S © 0.10 33 .
= Q x w2 Free
ER 44 21 9 :"""‘\
D0 32 18 4 ) H Total
9% 0.05 -
o 2 5 3
° & 1
g8
o
g | 3
G
Q
- &
2 2

Chlorine concentration ranges, mg/l

Figure 6. Percentage of bacteriological failures with no known cause per total number of

bacteriological analyses grouped by free and total chlorine residual concentration between 2008
and 2011. The number of failures per parameter is presented above the bars, from top: Free, Total;
- = no failures in this range.

When comparing the incidence of bacteriological failures before and after the change in

sample tap disinfection protocol, theoportions of failures attributable to the different

chlorine concentrations was similar (data not shown). Furthermorecampliances

were evident even under conditions of 6adequ
Gouideret al (2009). This suggests that bacteriological -aompliance cannot be

controlled through improved chlorine management and sampling methods alone.

3.3.6. Impact of water temperature

Carteret al. (2000) demonstrated thhtgher watertemperatures encouradybacterial

growth and Francisquet al. (2009) observed that counts of heterotrophic bacteria were

greater above 18. Sixtyf i ve of STWG6s b awvere @etecteshlwategyi cal f ai l
below 12°C (0.154% of analyses from samples with water tempeeahelow 12°C);

nine in water above 18 (0.723%); with the remaining neonompliancebserved at

water temperaturedetween 12.0 and 18.0C (0.075%) (Figure 7). Chlorings

effectiveness as a disinfectant atsglrate of decay increases with water temperature

(Sawyeret al, 2003; Crittenderet al, 2005; Parsons and Jefferson, 2006). Faster

chlorine decay is observed in warmer water conditiond, Francisqueet al. (2009)

demonstratedthat when water temperaturesere higher, increasedesidual free

chlorine concentrationseeded tdbe applied Water temperatures were rarely above

18°C in the STW region, which has skewed the percentage of falui@ this

temperature range. A larger number of failunese detected nder col d and Odaver
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conditions. Many chlorine dosing rigs are not operated in conjunction with direct
temperature readings. Increasing and decreasiloginedoses to improve wat quality
and palatability are carried out manually basedetrospectivéemperaturdrends.

5 0.70 -
3 1
E 060 -
>3
% =S
g 9 050
5 @
[
S 2040 -
8¢
S5 @©
2 = 030 -
=L
@ D
8 5020
82 42 8
O =
@Cj § 0.10 - 5 25 35 40 l
o
£ oo A m = N NN
©
° P S B B N C I C S S B
Z Q-Q 0,0 bg S N N N N 4
qA /1/. Q)~ (b. N.
N N N Vv

Water temperature ranges;C

Figure 7. Percentage of bacteriological failures with no known cause per total number of
bacteriological analyses grouped by water temperature between 2008 and 2011. The number of
failures per parameter is presented above each bar.

3.3.7. Impact of source water type

Of the failures with no known cause, there were 62 from%G0urface watesources

(S; representing 0.06% from this source water), 51 from 190 groundwater sources

(G; 0.045%), 28 from blends with a greater proportion of surface water to groundwater
(S > G; 0.056%), 14 from blends where groundwater dominated surface wateiS{(G
0.063%), and one with an equal blend of surfaged groundvater (S = G; 0.0630;
Figure 8). STW has 18 10& surface water WTWs, 123 106 groundwater WTWs

and seven mixed source WTWs. There were eight failures with no known cause from
100% groundwater finals (0.01%) and four fom 100% surface water finals
(0.017%). All surface water WTWs apply disinfection to their final water; groundwater
WTWs apply disinfection at sites with lower raw water quality and marginal
chlorination to high quality raw waters (marginal chlorinatmeans dosing chlorine to
meet the desired residual in supply, rather than dosing for disinfection; World Health
Organization, 2004). Six of the eight 1@0groundwater WTW failures with no known

cause were from sites with marginal chlorination.
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Figure 8: Percentage of bacteriological failures with no known cause grouped by source water type
and divided by sample point between 2008 and 2011. The number of failures per parameier
presented above each bar, from top: Tap, Reservoir, WTW: = no failures from that sample point.

Surface water treatment objectives include reduction in turbidity and organic matter;
removal of metals such as aluminium, iron and manganese; as wp#sasides,
nitrates, algae and bacteria. Groundwater resources are typically low in suspended
solids, bacteria and organic compounds, but often require treatment for metals such as
iron, manganese and arsenic (Parsons and Jefferson, 2006). Even dftent;ethe
chemical and biological composition of surface waters camligpose them to changes

in quality through the distribution system. The presence of carbon compounds in
particular can encourage the growth of biofilms and the survival of plankiacteria

even in the presence of residual disinfectants (LeChevatligl, 1987; Szewzylet al,

2000). Therefore, it is understandable that surface waters and surfacelovaieated
blends should represent a greatepprtion of noncompliances. Thpresence of a high
proportion of failures from 10% groundwater sources has encouraged STW -to re
investigate the catchments and the WTWs where increased raw water risks or
deteriorations in final quality have been identified. These investigations haeesdov
catchment management practices, borehole protection, and the treatment and

disinfection requirements of the water to improve bacteriological quality.

3.3.8. SeHOrganising Maps

Figure 9 shows that in 2008, 2010 and 2011 more failumese detectedn winter
months, whilst in 2009 more failuregere observedih summer months. It also shows
that the lowest chlorine residuals were found under thenest water temperatures.

Meanwhile, the highest chlorine residuals were recorded in the first half of each year,
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when the water temperatgraverecooler. Interestingly, the highest colony counts for
detections of indicator organisms were also recordecrundoler water conditions.

This suggests that although indicator organisms were present under a variety of chlorine
concentrations, it is the temperature of the water that controls their numbers and that
cooler water temperatures enhance thbility to survive disinfection.Figure10 shows

the Labelled SOMs. Each of these is independently clustered and they do not relate to

one another.

In comparingthe locations of the sample pointSigure 10a) it can be observed that
WTW final (F) failures were more common in 2008, 2010 and 2011 and weredituit

the cooler month&@nd water temperaturesf January, February, March and December.
They had low colony counts. Failuregere observedacross the range of chlorine
concentrations. This further highlights the need to manage water supplies better under
cooler conditions, rather than focussing
reservoir (R) failures were found throughout ahys and at all water temperatures and
chlorine concentrations. They also had low colony counts. Customer tap (T) failures
were found under all conditions and accounted for all the higher colony counts
recorded. The results show that total coliforms (C@)jenmfound under all conditions

and exhibited a variety of colony coun®. perfringengCL) were found predominantly

in winter months and under cold to medium water temperatures. They were enumerated
from water with low to medium chlorine concentratio®@olony counts were low.

E. coli (EC) and EnterococdEN) were not clustered in thaldelled SOM due to their

low incidence Figure 10b). The observan that cooler water temperatures correlated
with detections of indicator organisms contradicts received wisdom. The World Health
Organization (2004) recommends maintaining water supplies beld 16 reduce
bacterial growth in distribution. ST8@supples rarely exceesti 15 °C. Total coliforms

are not strictly faecal in origin and their predominance at cooler water temperatures is
therefore suggestiveof environmental contamination. It is likely that the cooler
temperatures impeded chlorine effectivenemd resulted in increased numbers of
indicator organisms surviving disinfection. Furthermore, there is often more rainfall in
the cooler months of the year and this could have flushed more bacteria into the source

waters and presented a greateatmenthallenge at the WTWs.

In terms of tap typeHigure10c), the clusters of Severn Trent standard taps (ST) show
that more assets failed in 2011, esphy in the early part of the year. They had low
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colony counts. They were found across the range of chlorine concentrations and water
temperatures. Kitchen mixer tap, metal with insert (2K) failwere detectednder all
conditions. Kitchen single tamnetal with insert(4K) failures were observed in 2009

and 2010 between spring and autumn. They had low colony counts, low chlorine and
medium to high water temperatures. Severn Trent standard taps and 2K taps represented

one third each of the total diditition of tap typesTable3).

The Labelled SOM for cause identificatioRigure 10d) shows that single causes (S)
tended to be identified in the first half of years 2009 to 2011. The failing samples had
low colony counts, low chlorines and low to high water temperatures. Multiple potential
causegM) were observed in 2010 and 2011 between January and April. They also had
low colony counts and low chlorines. Water temperatures were low to medium.

Unknown causes (U) were recorded under all conditions.

In comparing the source water typeigure 10e) it can be seen that surface water
failures (S)were observegredominantly in 2008 and 2009, whilst groundwater failures
(G) were mostly in 2010 and 20. The highest colony counts were observed in blends
of surface water > groundwater (SG). The highest chlorine residuals were recorded
against groundwater (G) failures, which were also mostly found at cooler water
temperatures. This suggests that at theumdwater sites, temperature was more

important than chlorine residual in determining the effectiveness of disinfection.

It has been beneficial to draw together all the saohple data in the SOMs and observe
how the parameters relate to one anothdrastbeen especially valuable for its ability to
include noanumeric data in the output. It does, however, generalise the data. This can
be observed with regard to tEe coliand Enterococci results, which did not appear in
the labelled SOMs. It is impamt to highlight this limitation. The outputs of these SOM
analyses provide useful information for tackling the most prominent bacteriological

parameter total coliforms.
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Figure 10: Labelled SOMs for a) sample point, b)indicator organism, c) tap type, d) success ot
root cause analysis and e) source water type.
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3.4. Conclusions

1 Water quality in the STW region is near excellent and exhibits high compliance with
the regulations.

Total coliforms were thendicator parameter that was identified most frequently.

The majority of all detections were for fewer thanClieU 100 mi™.

Whilst customer taps were the most vulnerable sampling point, failures were also

identified in WTW finals and reservoirs whi@re within the control of STW and

therefore provide anpportunity for focusing effort m reducing the number of

failuress Fur t her mor e, the i mpact of a failure at
indicator bacteria at a WTW or reservoir could exposagel number of consumers

to potentially contaminated water.

1 The cause of the majority of nano mp | i ances was r becaoseded as 0L
most of the failing sample points compliepbn resampling.

1 Samples from surface water supplies accounted fohitffeest number of failures,
followed by groundwater supplies, with blended water having lower incidence of
noncompliance. Surface water failures dominated in 2008 and 2009, whilst
groundwater failures were more common in 2010 and 2011.

WTW finals tendedo fail under cooler watdemperatures.

Groundwater WTWfinals failed more often than surface water WTW fmal
STW6s compl i anc e tampedaturess goadr butehere iw a needrto
focus on maintaining qualitwhen the water isooler.

1 Singlemetal tapswith inserts(4K) did not fail in winter. They failed when the water
temperature was medium to higConversely, metal mixer tapgth inserts(2K)
failed all year round. This suggests that warming the tap during mixing can
encourage bacterigrowth.

1 SOM analysis enabled the correlation of all the samhpled parameters for the 218
failures between 2008 and 2011. The loss of both Enterococdt.arali from the
labelled SOMs demonstrates both the value and weakness of using this tool: it
focuses on the strongest relationships but it can lose important information about

rarer events.

3.5. Recommendations
T I't i s suggested that an increased focus on ¢
temperaturg in particular improved residual chlorimeanagement, could reduce

the frequency of failuredVhilst it is known that higher chlorine doses need to be
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applied under warmer water temperatures to counteract the increased rate of
chlorine decay (Sawyeat al, 2003; Parsons and Jefferson, 2006; Hsgueet al,

2009), further research is required into managing the reduced efficacy of chlorine at
lower water temperatures. This would benefit water companies in countries,
including the UK, whose water temperatures rarely exceed th€ t&cognised by

the World Health Organization as promoting the growth of bacteria and increasing
the decay rate of chlorine (World Health Organization, 2004).

1 The greater number of failures from groundwater WTWs compared with surface
water WTWs should encourage increasedus on water treatment processes to
ensure continued compliance with bacteriological water quality parameters. It is also
recommended that STW do not simply focus on one source type at & time
observation that most surface watallures were dete@d in 2008 and2009 and
most groundwater failures in 2010 and 2011 suggests that this has happened in the
past.

1 Present strategies for maintaining sampling equipment do not allow the programme
to continue in the face of yplanned work This meansthaga i t es t hat ar e
may not get their sample liseand taps replaced in a timely fashion, which
perpetuates the problem of false positivesigher investment is recommended in
this crucial preventive measuré&urthermore, this study suggests thagager focus
should be given to practive maintenance of sample points at assets to improve
compliance. For example, ensuring that sample points are kept in hygienic
conditions and making regular site visits to identify and resolve potential risks to
bactriological quality.

1 A larger dataset of failures would serve to strengthen the findings of this research.
This could involve collecting the same data from other water companies that employ
the same sample collection process or collecting more histoetafrdm STW and

accounting for the differing sampling protocols.

This company data review has answered the four research questions:

1. What are the main causes of bacteriologicalommpliances in UK water supplies?
This study has shown that most bactemptal failuresat STW have no cause
identified. It concurs with the findings of UK Water Industry Research (2008js
makes it difficult for water companiedo act upon noftonpliances to improve
performance. The research has highlighted the nedzbftar investigative tool$Vhere

causesvere identified, theleanliness of theap was the principakason
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2. Where in the water supply system do most bacteriological failures occur?

Most bacteriological failuresvere detectedht c ust o me r dtés withi phe . Of the
control of STW,the highest risk sample points meservice reservoirdailures at
service reservoirs and WTW finals require significtinte and financialnvestmentto
investigate and remediadé®d this research should focus on thesepapoints.

3. Which indicator organism is most frequently detected?

Total coliforms were the most common failure param@dteese bacteria can be derived
from environmental and faecal sources.

4. Is UK bacteriological compliance impacted by weather phenomena?

There was a weak correlation between weather phenomena and bacteriological failures,
which concurs with the findings of Schetisal. (2005) and Pitkaneet al. (2008). With

regard to rainfall, the relationship was further weakened by including a timé ¢agp 0

or two months, which differed from the observations made by Cureiesd. (2001).
Furthermore, the research has shown tlagures are detectechll year round at

C ust otamsranddoservice reservoirs, but that thaseWTW finals were more
commonunder cooler water condition$hus it is necessary for greater efforts to be
directed at improving bacteriological complianad WTWSs under cool water

temperatureto ensure the quality of water in the distribution system

This chapter has shown thabne of the routinely measured parameters alone is a
suitable predictor for bacteriological gual it
and disinfectant concentrations at the time of sampling;coompliances do still occur.

It is thus important tht research objectives in the future are based around the combined

impacts of imprtant water quality parameteffer example, chlorine residualrbidity

and water temperature) on bacterial survival
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4. Cost of Bacteriological Water Quality Failures

4.1. Introduction

To enable an assessment of the cost effectiveness of the outputs from this project it is
important to develop a realistic estimate of the cost of bacteriological failures to Severn
Trent Water (STW). This is the first time such a piece ofkwhas been completed

within STW and it answers research question 6:

6. What financial impact do bacteriological failures haveadsK water compary

4.2. Methods

The costs of investigation and remedial actions in response to bacteriological failures
were determined for the 218 failures recorded between January 2008 and December
2011. Twelve of the 218 failures were from one sample with two indicator organisms
deted¢ed. The investigations are based on failing samples, rather than parameters and
thus there were 206 investigations conducted. The method for determining the costs of
these investigations is summarisedrigurell.

The following data were extracted from the relevant Exception Reports:

1 Post code (customer tap only);

1 Number of suites of analysis carried out and the time spent collecting these samples.
A suite of analyses included -@ite chlorines and temperature, heterotrophic plate
counts at 22 and 3T, coliforms, Escherichiacoli, Clostridium perfringensand
Enterococci.

The post codes for assets were determined by extracting the x,y coordinates for the asset

from ASample Manageér These data were inputted into www.gridreferencefinder.com

and the nearest post code function was used to obtain the result.

STW have two irhouse microbiology laboratories: @hurch Wilne and Shelton.
Samples are sent to one of these | abora
region. A list of the water quality zones (WQZs) allocated to each laboratory was
requested from the Schedulitgpam. WTWSs and reservoirs are not included on the list,
so the laboratories for these sampling locations were extrapolated. It was assumed that
Quality Inspectors (samplers) went from and returned to the respective laboratories
during the investigation. Ere are three Water Quality team offices: Little Eaton,
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Frankley and Staverton. It was assumed that Water Quality staff departed from and
returned to their bases during investigations. For the purposes of this study, it was
assumed that Operations staffdaRegulations and Fittings inspectors (inspectors of

plumbing and pipavork) were based at the same regional offices as the Water Quality

team.

Collect data from
Exception Report

v

Sample point= Custotner tap? ‘

v plep p [ N
\

Derive assetpost code

using Grid Reference

Finder
Determine mileage
using Google Maps |
Consult staff to obtain
estimnates ofhours
worked
v
Calculate and sum
investigation costs
Sample point= Customer tap? ‘ N
»ﬂ/
X 3
Develop listof
potential remedial
actions from Exception
Reports
Consult staff for costs
of remedial work
Identify remedial
actions applied
Calculate and sum
remedial costs
\[
_| Calculate total costof
3 failure

Figure 11: Flow chart of the process of deriving the total cost of bacteriologicabflures.
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The number of miles driven by staff was derived from the post codes of the laboratories,
the offices of the Water Quality team and the failure locations. The values were
determined using Google Maps directions, taking the quickest route wialdiray toll

roads.

Estimates of Quality Inspector hours were obtained based on the sample times in the
Exception Report and rounding up to the nearest four hours, to include travel between
sites and the laboratory. If the sampling time exceeded fous libwas assumed that
more than one trip had beamdeto collect samples. This accounted for the additional

travel time between sites.

The time for analysis includes media preparation, sample registration, plating samples,
and reading the plates at tead of the incubation period; this was assumed to take

twice the number of hours spent sampling.

The number of visits by Operations staff was estimated from the reports. Each visit was

assumed to take four hours: two hours for travel and two howsiseon

The time spent by the Water Quality team investigating the failure was based on
estimates provided by Jenny Surry and Roger Hinton (Water Quality Technicians,
STW): five hours per customer tap and two days per asset (including one day on site). If
the Exception Report showed that the investigation was complex, additional hours were
allocated.

Where a Regulations and Fittings inspection was requested, a visit was assumed to take
four hours; where the inspector attended but was not able to enprogesty, this was
allocated two hours (travel time).

Hours spent by the Public Health and Standards team were based on estimates provided
by Shaun Dowen (Public Health and Standards Advisor, STW): one day for a customer
tap; and depending on the complexity of the investigation, two to four days per

reservoir failure and two to five days per WTW failure.

Phil Gnych (Water Regulations Principal Advisor, STW) estimated that two hours was
an appropriate average time spent per faily the Reporting team.
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Having determined the number of analytical suites, miles driven and hours worked, the

following values were used in the calculation of the cost of investigating bacteriological

failures:

1 Analytical suite: £5.00 (for materials, etacity and maintenance of apparatus)
value approved by Karen Heaton (Microbiology Laboratory Manager, STW);

1 Fuel price: £0.45 per mile (includes maintenance allowantigures for 2011/2012
(HM Revenue & Customs, 2012);

1 Hourly rate: £26.50 (includesalary, training and pension) value provided by
Christopher Bridge (Good to Drink Project Leader, STW) and used for Price

Review assessments.

The investigation costs were calculated using the following equation:
Cost of Failure Investigation =  No. Analyses x Price per suite

+ Total No. Miles driven x Price per mile

+ Total No. Hours worked x Hourly rate
For some of the failures, specialist operations were conducted as part of the
investigation, rather than during the remediation phase; for @ranraining down and
inspecting a reservoir. Where this was the case, the costs of these additional operations

were applied to the respective investigations.

In addition to the investigation costs, the costs of remedial works were compiled.

twasassumed that the cost of al/|l remedi al
the customers. Furthermore, it was assumed that all remedial actions proposed for each
WTW final and reservoir site were carried out. The potential actions were:

Sample lingeplacement;

Replacement reservoir;

Reservoir cleaning;

Replacing reservoir hatch seals;

Replacing reservoir membranes;

Disinfection kit;

Rabbitproof fencing;

=4 =/ =4 A4 -4 A4 - -2

Enhanced monitoring.

68

wor k:



Cost estimates for sample line replacement were provided by Charlotss Juvater
Quality Advisor, STW) and based on 2010 figures. The chosen cost was based on the
description of the proposed remedial works in the Exception Report.

 Minimum cost: £1,000

 Maximum cost: £10,000

1 Average cost: £5,126

Reservoir capacity and cost@adnstruction data were supplied by Steve Hickman (Price
Review 2014 estimator, STW), plotted and a power curve fitted to the poihts (R
0.9953). The equation for the curve was used to calculate the cost of constructing a new
reservoir.

Cost of New Resepir = 65093 x Capacify***°

Where Capacity = reservoir capacity’ m

Phil Robinson (Asset Creation Ndnfra Solutions Managér West, STW) estimated
the cost of isolating a reservoir (to-demmission it) at approximately £20,000.

Peter Williams (PriceReview 2014 Nosinfrastructure Data Analyst) provided the
following equation for the calculation of reservoir cleaning costs:
Cost of Reservoir Clean = (0.2501 x Capacity) + 1122.2

Where Capacity= reservoir capacity, i

Using data provided by Pet#filliams, the average cost of replacement hatch seals was
calculated as: £11,200.

Using data provided by Peter Williams, the average cost of replacing reservoir

membranes was calculated as: £53,000.

Activities relating to chlorination equipment were gssid cost estimates provided by
Amy Hazard (Water Quality Advisor, STW) and based on 2011/2012 figures:
1 Relocating a chlorinator: £3,200

1 Installing flow-control on a chlorinator: £500
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1 New booster chlorinator
0 Maximum cost: £8,000
0 Minimum cost: £6,000
o Average cost: £6,800
One chlorinator required the installation of an automatistaet function. It was

assumed that this cost the same as installing-€lomirol.

Steve Gill (Capital Liaison Gordinatori Water Distribution, STW) obtained the costs
of fitting rabbitproof fencing to a reservoir site.

Mesh only: £5.50/m of perimeter. With overheads (a¥®0£6.60/m

Mesh, post and rail: £8.50/m of perimeter. With overhéatd20%), £10.20/m

It was estimated that a team of four could install 500 m of fgneinfour days (32

hours). Standard hourly rates were applied.

Enhanced monitoring was allocated a cost of £500.

It was assumed that all remedial activities recommended in the Exception Report were
carried out at the assets. For each failure, the aesiwtere listed and the respective

costs calculated (as necessary) and then summed to give a final cost of remediation.

A number of assumptions were made throughout the procekteymining the cost of

failure:

1 Quality Inspectors went from and returnéa either Church Wilne or Shelton
laboratory during the investigation.

1 Operations staff and Regulations and Fittings inspectors were based at the same

regional offices as the Water Quality team: Little Eaton, Frankley or Staverton.

These staff went from areturned to their bases during the investigation.

All journeys were the quickest available, whilst avoiding toll roads.

Travel time from the base to the sample point was assumed to be one hour.

Quality Inspectors spent four hours collecting samplesamrthjority of cases.

The laboratory staff spent eight hours analysing samples in the majority of cases.

Operations staff spent four hours visiting WTWs and reservoirs during site Vvisits.

= =2 4 4 A -

The Water Quality team spent five hours working on customer tapesiand two

days on asset failures in the majority of cases.

70



1 Regulations and Fittings inspectors spent four hours carrying out their
investigations.

1 The Public Health and Standards team spent one day completing a customer tap
Exception Report, two to foutays on a Reservoir Report and two to five days on a
WTW Final Report, depending on complexity.

1 The Reporting team spent two hours compiling Drinking Water Inspectorate reports

following each investigation.

A suite of analyses cost £5.00.

Fuel price was deat £0.45 per mile.

The hourly rate was £26.50 for all personnel.

Customers bore the cost of remedial works at their properties.

= =/ =42 4 I

All remedial actions proposed for each WTWhdl and reservoir site were carried

out.

4.3. Results and Discussion

In total, STW spent £335,000 investigating bacteriological «compliancesbetween

2008 and 2011. Failures at WTW finals cost a total of £42,650; reservoirs cost
A165,000; and cust oRguekd. Theawmge costper faifurk 2 5 |
at each of the three sample points was £2,700 at WTW finals, £2,500 at reservoirs, and
A1, 000 at c uRgure h?e).r Thé investgption of WTW final nen
compliances includes analysis through the treatment process at the WTW as well as
sampling from distribution; for these reasons, these failuresnmaree costly to
investigate. Customer tap failuregically require resampling at the original failing
property and several neighbours in the same supply zone, resulting in much lower
investigation costsThe previous cost assumption used within STW Wa60 per

investigation from all sample points.

Reservoir failures result in sampling from the WTW to the customer and other
reservoirs in the same supply line. The average cost of investigating reservoir failures
wassimilar to that of WTW finals partly because several reservoirs were drained down

and inspected as part of the investigation, which inflated the cost.

In total, STW spent £2,900,000 remediating failures at WTW finals and reservoirs over
the four year period. Reedial works at WTWs cost £65,550, whilst at reservoirs the

total was considerably more at £2,800,008ggre 13a). The average cost of
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remediating fdures at each asset was £4,100 per WTW final and £42,400 per reservoir
(Figurel3p).

a) 180000 - b) 3000 -
- 160000 -
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100000 -
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n, £
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Average cost of investigation

CustomerReservoir Final CustomerReservoir Final
tap tap

Figure 12: a) Total and b) average costs of investigating bacteriological failures.

The measures that can be taken at WTWs were limited to limgtadnhanced
chlorination equipment and improving turbidity removal processes such as
coagulation/flocculation. However, the interventions that were possible at reservoirs
were more varied and often more extensive. For example, draining down and igspectin

a reservoir frequently led to additional works, such as replacing hatch seals or
membranes. In one instance, the reservoir was decommissioned and a new reservoir

required.

Figure 14a shows the contribution that individual reservoir and WTW failures made to
the total costs for assets. The decommissioning and replacement of one reservoir (North
Malvern, shown in purple irFigure 14a) dominates the chart. IRigure 14b, that
reservoir was excluded, and the average cost for reservoir remediation was reduced to
£8,100 per failure.

The remedial costs for North Malvern reservoir have been deferred sset A
Managemen®Period 6. A new reservoir will be built close to the site that has provided

water to customers in North Mahmissionad r eser voi
Major reservoir construction projects were completed during the 2008 to 2011 time

period A new cell was added to an existing reservoir to increase capacity (Barby) and

two new reservoirs were constructed: one to replace a reservoir at the end of its life

(Coundon) and the other to replace a reservoir whose condition had deteriorated and
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was at risk of intrusion (Mow Cop) (Brian Jones, Strategic An@yBistribution
Strategies, STW).

Wh i
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major reservoir construction projects were completed in the four year pestdeks the
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inclusion of the remediation costs in these calculations. Over the four year period, the

total cost to STW for investigating and remediating failures was £3,235,000. Reservoir

failures cost £2,965,000 and accounted fof@®af the total. Theotal costs of failures

from WTW final
(Figurelb).
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Figure 13: a) Total and b) average costs of remediating bacteriological failures.
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Figure 14: Individual contributions to the total cost of remediation made by each failure, a)
including and b) excluding the replacement of North Malvern reservoir.
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Figure 15: Total costs of investigating and remediating bacteriological failures.

To illustrate the process of determining the cost ofcampliance, three failures were
selected: one WTW final, one reservoir and one customer tap. These were selected
because they all failed for the same bacteriological parameter, were relatively simple
investigations and the failures were all attributed to the sample tap or samplealte (

5).

Investigating the coliform failure at Cosford WTW involved more staff hours, more
analyses and an additional programme of enhanced monitoring. Lower Sweeney
reservoir had less than halfife investigation costs. This is largely because of a smaller
re-sampling programme with consequent reductions in hours for Quality Inspectors and
laboratory staff. The lowest investigation costs were attributed to the customer tap in
Coalville Water Quaty Zone. The investigation was localised and was completed with

a single Quality Inspector visit: the original tap was sampleid gme postdisinfection,

an alternative tap at the property was sampled and five other properties in the same zone
were visital, along with the upstream reservokor all investigations indicator

organisms were detected either on the tap swab or in the water samples.

In terms of remediation costs, STW sent a letter to the customer in Coalville WQZ
advising them to clean thetap thoroughly. They were unable to provide further
guidance because the Regulations and Fittings inspector had been unable to enter the
property to assess the plumbing arrangements. Lower Sweeney reservoir required a new
sample tap and Cosford WTW neededeplacement sample line (including the tap).

These actions were carried out at the assets.
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Table 5: Three case studies illustrating the calculation of the cost of bacteriological failures: one

WTW final, one service reservoirand one customer tap.

Site Name Cosford WTW
Year 2009
Sample Point Final
Type of Failure CcO
Post code TF11 9HY
No. Customer tap samples 26
No. Reservoir samples 6

No. WTW samples 41
No. of Analyses 73
Lab Shelton
Miles to lab. 25.7
WQTeam office Frankley
Miles to WQ and Ops office 24.6
R&F office n
Miles to R&F office 0
Total miles 610.2
No. QI VISITS 9

No. QI HOURS 36
No. Scientist (Lab.) HOURS 72
No. Operations VISITS 2

No. Operations HOURS 8

No. Water Quality Team VISITS 1

No. Water Quality Team HOURS 28
No. Regs&Fittings VISITS 0

No. Regs&Fittings HOURS 0

No. PH&S HOURS 40
No. Reporting HOURS 2
Total staffing HOURS 186

Additional investigation actions Enhanced monitoring
Additional InvCosts, £ £ 500.00 £
COST to Investigate, £ £ 6,100.00 £

Failure cause Sample line/tap

Recommended remedial works Sample line
replacement

COST to Remedy (STW), £ £ 5,130.00 £

Recommendations acted on? Y

Total Cost of Failure £ 11,230.00 £
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The customer tap failure in Coalville WQZ had the lowest overall cost, and was less

than a quarter the cost of Lower Sweeney reservoir, which was approximately one third

the cost of the failure at Cosford WTW.

It can also be seen from these case stuti@sthe numbers of staff hours required to

investigate each failure differed greatly. It took 186 h to complete the investigation into
the failure at Cderd WTW, 94 h for Lower Sweenereservoir and 29 h for the

cust omer 6s tWRQA Summarising éhé numbed oéhours worked for all the

failures between 2008 and 2011 shows that reservoirs accounted for the largest number
hours wor ked: 4550 h;
finals accounted for 1380 FiQurel6a). The average number of hours shows that more

of tot al

hours were invested in WTW finals: 87 h; with 69 h for reservoirs; and 34 h for

cust ome(figu@led).a p s
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Figure 16: a) Total and b) average numbers of hours worked during investigations.

These investigation and remediation costs should be set within the context of the health

cl

os el

benefits of monitoring for bacteriological quality. Not one of the faillnetsveen 2008

and 2011 wasinked toreportedwaterborne illness. Whilst the costs are digant they

represengood value for money in protecting the health of consumers.

4 4. Further Considerations

Aside from the costs quantified in this chapter, there are additional costs experienced by

water companies when their performance falters, imotudbss of public confidence
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and regulatory sanctions. Loss of public confidence is a difficult issue to account for.
Unlike other services, it is not possible to change suppliers. This is why the regulatory
sanctions are important: they ensure that tieelyct cost represents the performance of
the water company in the last financial period. This is administered by the UK

Government s Office for Water (Ofwat).

Ofwat have two sets of serviceability indicators: one relates to the distribution pipes
(Water Infrastructure) and the other to WTWs and reservoirs (Water- Non
Infrastructure). The Infrastructure category covers numbers of burst mains, unplanned
interruptions to supply, iron compliance at the customer tap, number of properties at
risk of low water pessure, customer contacts for discolouration and combined
compliance for turbidity, iron and manganese (Ofwat, 20B&gteriological parameters

do not feature in the Infrastructure serviceability indicators. The-INfvastructure
indicators cover colifon noncompliance at WTWSs, coliform netompliance at
reservoirs (sanctions begin when %50f samples fail from a single site), turbidity at
WTWs, number of enforcement actions considered for microbiological standards, and
unplanned maintenance (throughugument failure or reduced asset performance)
(Ofwat, 2009).

Where water companies fail to meet the serviceability agreements made at the start of
each financial period, Ofwat has the power to impose sanctions. These can be up to
50% of the present vatuof the capital maintenance expenditure for that indicator as
detailed at the start of the financial period. There are several considerations made when
determining the extent of the sanctions: whether the situation is marginally or seriously
norrcompliant how far from the reference levels of stability the indicator parameter is,
whether the company is able to demonstrate improvements in serviceability since the
failure was recorded, and whether the failure has already resulted in legal interventions

or faled service to customers (Ofwat, 2009).

These serviceability indicators show that bacteriological -campliance at the
customer tap does not result in sanctions, but that Ofwat penalise water companies for
not properly maintaining their assets and asguthe quality of water from these

sample points.
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4.5. Conclusions

1 This study has enabled the first realistic estimate of the cost of bacteriological
failures to STW and, by inference, for UK water companies.

o0 Since presenting this work to STW, thdggures, and the accompanying
method, have been adopted by STW for their regulatory reporting and future
cost forecasting (#setManagemenPlan 2014 Price Review).

1 This study has highlighted the high costs of investigating and remediating failures
from WTWs , reservoirs and customersodé taps. Wh i
non-compliances was the highest, the low cost of individual investigations meant
that overall their impact on STW was small. Likewise, the high cost of failures at
WTWs combined with therarity showed a similarly small impact on the Company.
The high costs of investigating and remediating failures at reservoirs and the
number of incidences over the four year period meant that they represented a
significant proportion of the total costs.

1 The total cost of 206 failing sampleser the four year period was £3,235,000; of
which 92% was for failures at reservoir sites.

1 When bacteriological failuresre detectedwater companies can also experience a
loss of public confidence and fatimancial sanctions from Ofwat. These sanctions

can be significant.

This data analysis has answered the research question:

6. What financial impact do bacteriological failures haveatK water conpany?

The average costs of investigating bacteriologicdufes were £2,700 for WTWs,

A2,500 for reservoirs and A1,000 for cust ome
average, £4,100 for WTWs and £42,400 (or £8,100 without North Malvern reservoir).

The total cost for the@b failing samplebetween 2008 and 20idas £3,235,000.

The costs of bacteriological failuresadJK water company were calculated for the first

time. The average costs were an order of magnitude largeSiathad been using in

their financial forecasts. The use of accurate costs ensuresticeprojections and
prevents monetary losses from regulatory operations. The method that was employed
has promise for use by other water companies and in other countries that have the same

or similar investigatory requirements in the event of bactegic# failures.
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5. Root CauseAnalysis ofBacteriological Failures from Mythe WTW 2

5.1. Introduction

In Chapter3 it was observed that there were weak correlations between the presence of
indicator organisms in drinking water samples and other data relating to spot samples:
free and total chlorine and water temperature, amongst others. The reliance-on spot
sampling @ta was a weakness of this study. Work by Codeingl. (2005) observed

that discontinuous chlorination affected the efficacy of disinfection as demonstrated by
heterotrophic plate counts (HPCs). Their work involved neutralising the chlorine in a
test reator for periods of several day3.hey observed that after each period of
neutralised chlorine the effects of disinfection were reduced and counts of heterotrophic
microorganisms increasedihis work seeks to identify whether shtgtm variations in
archived online residual free chlorine, turbidity and flow could have impacted
bacteriological water quality in supplies at Severn Trent Water (STW). In order to
determine the usefulness of-time monitoring parameters it was necessary to select
sites that notonly had experienced bacteriological failures but also had several

monitors. This excluded customer tap and reservoir failures.

This chapter seeks to answer research question 5:
5. Can improved analysis of dme monitoring and spetample data be used to

inform the root cause analysislmdcteriological failurs?

The researchfocuses on a case study from Mythe WTW. Despite extensive
investigationsby STW, no causes were identifiddr the failures from this site. This is

the outcome for approximately two thirds of all failure investigations (Ch&pt&ince

no causes were identified, the failures from this site were selected for the data analysis
in this research The data angbes use crossorrelation and selbrganising maps
(SOMs). This study represents the first application of both tools to the analysis of the
bacteriological quality of drinking water.

Mythe WTW had three coliform detections between March 2011 and Nove&t@b2r
These were on the 3March 2011, the '8 March 2012 and the ¥7November 2012.
Mythe WTW treats surface water from the River Seveviythe WTW produces
120ML d™ usingthe process outlined Figurel7.

2 This chapter has been published in part in the Procedia Engineering publication &t &lljitn Press.
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Figure 17: Process flow diagram for Mythe WTW; T marks the location of the online monitors
and final spot-sampling point.

In Chapter 2potentially suitable tools for identifying time lags in tiseries data were
reviewed. Crossorrelation was selected because it is reasonably robust to variable
sampling frequencies armdnbe used for datasets with fewer than 50 observations. It is
alo less computationally expensive than either wavelet analysfsutorRegressive
Integrated Moving Average method. S@lfganising Maps were used to develop water
quality fingerprints for the reasons given in Chapter 3.

5.2. Methods

5.2.1. Data collection

Spotsampling occurs daily at Mythe WTW final sampling point. The following results
were extracted from STWo6s daf danuanato8l i ng
June 2011, LJanuary to 30 June 2012 and®1September 2012 to #d-ebruary 2013:
coliforms, colony forming units (CFU) 1a@l™"; HPCs at 22C and 37C (HPC22 and
HPC37), CFU mt; free chlorine, md*; and water temperature, °C. In addition, for the

same time periods, the following archived monitoring data for Mythe WTW final

monitor i ng points were requested from STWO6s

mgl™, Sigrist AquaScat WTMA (Sigrist, Germany); turbidity, nephelometric turbidity
units (NTU), Capital Controls® TVU/CC1930 (Severn Trent Services, Philadelphia);
and flow, ML d*, Marsh MultiMa g E 2 8 5 L-McBiMey rins. hMaryland). Free
chlorine data were archived every 1 min and turbidity and flow data were archived
every 15 min. The final sampling point and thelioe monitors are all situated after-de

chlorination andefore the storage tank from which water is pumped to supyre

17).

Chemical, physical and bacteriological analyses were conducted by STWésaanl

laboratory staff as detailed in Chapger
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5.2.2. Data manipulation

The datasets were saved in Microsoft® Excel (Microsoft Corporation, Washington) and
any unnecessary columns from the-lo® monitoring datasets were deleted (for
example,monitor name) and column headers were deleted from all datasets. Using
Excel 6s Remove Duplicates tool the date
entries and if any were found the first entry was retained and the rothgrdeleted.
Because the ghne monitoring data was received as a .txt file the date and time column
was not formatted correctly. These columns were classified as containing date and time
data of the format oDD/ MM/ YYYY hh: mmo.

file.

All datasets were imported into MATLAB® R2012a Student Version (The MathWorks
Inc., Massachusetts). The following code details the import process and the conversion
of the formatted dat e annmumbder(daenum)ddmamn t o

file_1= 'Datasetl' ; %Specifies the name of the file to import
filenamel = strcat(file_1, csv' );  %Specifies the .csv extension

count=0;
fidl=fopen(filenamel, )
if (fidl~= -1) %lffile found, start import
data = textscan(fidl, '%s%n' , 'delimi  ter' ' ...
'‘Whitespace' ,'\tb' , 'commentStyle' M)
dates=datenum(data{1}, 'dd/mm/yyyy HH:MM" );
parameterl=data{2};
samples=size(dates,1);
count=count+1;
fclose(fid1);
else  %lf file not found, display alert
disp( 'no file present' )
cd( "' )
end

Before conducting any data analysis, it was necessary to ensure that all columns had the

same number of rows. To prepare datasets for interpolating angaxduiong, they were

specified aglatasets and their columns were named, using the following code:

Datal=dataset(dates, parameterl, ‘VarNames' ,{ 'Date’
'‘Parameterl’ });
The individual files were combined to form a single dataset using functions to join,
interpolate, or fill as necessaryhese functions all retain the column names as defined
in the previous step. Where parameters were sampled at the same interval, for example

final coliforms and final HPC bacteri a,
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Data3 = join(Datal,Data2, 'key' ,'Date’ , Type' , ‘'outer ...
'‘MergeKeys' ,true); %Joins files with one Date field in the output

Linear interpolation was applied to data from turbidity monitor, flow monitor,-spot
sampled chlorine and temperature spot data, usmgldkenumber field from chlorine
monitor data (Wyeet al, 2010). Linear interpolation was selected because it does not

extrapolate beyond the input data.

interpolationl = interpl(Data5.Date, Data5.Parameterb,

Data4.Date, 'linear' , 'extrap’ ); %Uses Date4d.Date as a template
Zero-padding was used for all the bacteriological parameters from the Mythe datasets.
Zero-padding ensures that when colonies were recorded, the results remained as

integers. The column to be zepadded is joined to the templatataset. In this process,

i f a cell contains no data MATLAB +ecords
padding converts the NaNs to 06s, as det ai
Data8 = join(Data6,Data?, 'key' |, 'Date’ , 'Type' ,’'outer , ...

‘MergeKeys' , true); %Joins new ¢ olumn to template dataset
Data8.NewColumn(isnan(Data8.NewColumn)) = 0; %Replace NaN with O

These processes resulted in three Mythe datasets which weraligmed at 1 min

intervals.

5.2.3. Cros<Correlation
Twenty-seven crossorrelations were afipd to each joined dataset for Mythe, as
detailed in

Tablee. Where there is an 0x0 icorrelationebetdeera gr a m,

the first parameter (down the side) and the second parameter (across the top).

The unbiased XCORR function in MATLAB was applied in each case, as follows:

CrossCorl= xcorr(DataAll.Parameterl, DataAll.Parameter?);

In addition, a plot of each croserrelationwas generated. This made it possible to
assess the veracity of the next step: selecting the strongest correlation and identifying

the appropriate time lag.
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figure, plot(CrossCorl);
hold on %Enables inclusion of title, labels and legend
title(  'Plot of XCORR result I Parameterl and Parameter2 );
xlabel( 'Lags' )
ylabel( 'Correlation Coeff' )
legend( 'XCORR result" )
hold off

Table 6: Cross-correlations applied to joinedMythe datasetsfor 2011, 2012a and 2012k x = cross
correlation applied between Parameter 1 (down the side of the table) and Parameter 2 (across the

top).

Final free chlorine monitor
Final turbidity monitor

Final chlorine monitor

Final flow

Final turbidity monitor

Final water temperature spot
Final free chlorine spot

Final HPC22

Final HPC37

x
x

x

X |x % [ |Final free chlorine spot

x
x

x [ [x [>|x|x |Final HPC37

x [> | %[> |x[x]|x |Final coliforms

The highest crossorrelation resul{strongest correlatiorproduces the tallest peak in
the plot. The locatiowf the highest crossorrelation result relative to the mpbint of

all the crosscorrelation results indicates whether Parameterl could have affected
Parameter2 and by what tifiame. The XCORR function produces (Zn)esults
because it scans forwardad backwards from the peaks in Parameterl relative to those

in Parameter2. The process of determining the time lags is detailed below:

% CrossCorl

[lagcCrossCorl, indexCrossCorl] = max(CrossCorl); %Locate tallest peak
lagmaxCrossCorl = (size(CrossCor1,1))+1; %Find number of rows, add 1
lagmidCrossCorl = lagmaxCrossCorl/2; %Find mid - point of lagmax
this_lagCrossCor1 = lagmidCrossCorl - indexCrossCorl; %Calc. lag, mins
time_lag_in_hrCrossCorl = this_lagCrossCor1/60; %Convert from min to h

The results were grouped into an output table.

XCORRname ={'CrossCorl" ;'CrossCor2' }; %Namse ofcross - correlation S
MaxXCORR = [lagc1801; lagc1802]; %Height of tallest peak

TimelLagHr = [time_lag_in_hr1801; time_lag_in_hr1802]; %Time lags , h
XCOrrRES = dataset(XCORRname, MaxXCORR, TimeLagHr, ‘VarNames' ,

{'Cross_CORR' , 'MaxXCORR', 'TimeLagHr' }); %Compile into table
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A subset of this dataset was created containing only the-coosdations where the
time lags were both positive an@4& h. Positive time lags mean that peaks in the first
parameteroccurred before peaks in the secqmatameterand could have impacted

them. A time lag of <24 h was selected because the spot sampling was conducted daily.

XCcOrrBEST = xcorrRES(xcorrRES4.Time LagHr >=0 & xcorrRES4.TimeLagHr
<=24.); %ldentify applicable results
xcorrBEST(:,{ 'Cross_CORR' , 'MaxXCORR', 'TimeLagHr }); %Label output
The results were then exported from MATBAs text files and were then ported into

Excel. This was achieved usittte MATLAB export function:

export(xcorrRES);

Crosscorrelations were conducted on the full datasets for Mythe and also for the week
of the failure. The rows corresponding to the respective time period were extracted from
the full dataset and the whgbeocess repeated on this sge.

Faill = DataAll(1:1440,:);

MATLAB code for the six month data analyses can be viewed in féppendix1.

5.2.4. SeHOrganising Maps

The SOM is an artificial neural network model which draws inspiration from biological
processes. The Map evolves localised response patterns to input vectors. The prototype
vectors are positioned on a regular idimnensional grid in a spatially ordered Ham

helping to improve visualisation. SOMs can aid in the identification of correlations
among more than two parameters, thereby building on the results from the cross
correlations and accounting for the fact that several factors may be involved ahonce i
bacteriological compliance. Complex datasets can be clustered and the output is a visual
representation of the statistical pattern found by the SOM algorithm (Kangas and
Kohonen, 1996; Kohonen, 1998). SOMs have been used for analysis and modelling of
water resources as reviewed in Kalteh and Hijorth (2008). Mowical (2012)
proposed their use in data mining microbiological and water quality data from a pilot
scale pipe rig. This work is the first use of SOMs in the analysis of bacteriological
compliarce data from real WTWs.
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The analysis was carried out using the MATLAB® SOM Toolbox version 2.0
(Laboratory of Computer and Information Science, Finland). The SOM algorithm first
normalised the datasets and conducted rough training on these to learmltale gl
structure; then fine training was completed before producing the SOM plots. Each
parameter (such as turbidity) is represented by a coloded rectangular plot called a
6component plane6é; a point in one in@bmMpon
corresponding plots in the SOM output enabling an understanding of how parameters

change one with another.

For the Mythe datasets, eight parameters were analysed using SOMs: chlorine monitor,
turbidity monitor, flow monitor, chlorine spot, tempene spot, HPC22, HPC37 and
coliforms. The default settings of linear initialisation and batch training were selected.
The Mythe SOMs were conducted on the full six month datasets, on each week within

the datasets and on each day from the week of failure.

5.2.5. Records of monitor interventions

STW6s Research and Devel opment team had
conducted previously which suggested thatsoneduled monitor interventions, for
example recalibrating a monitor, could be correlated witlacteriological failures.

When operators make tstheduled adjustments to equipment a record is made. These
records can be used to check whether changes in data trends are genuine or the result of
an intervention. In light of this, the monitor intervemticecords (from Works
Management Master L o g final duwidity Sudd) freepchloribea i n i

monitors at Mythe WTW were requested from operational staff.

These data were received as screen shots. An Excel file was created containing the date
andt i me of each intervention and a 6106 re
imported into Excel it was zefeadded, as detailed above, and subjected to-cross

correlation analysis with the Mythe coliform detections only.

5.3. Results

5.3.1. Crosscorrelation

There were 81 crossorrelations conducted on the Mythe datasetsdoth six month
and weekly time periodd=rom the six month datasets 22 yielded positive time lags
between 0 and 24 Wéble 8). Where the results were 0 h, this showed that the two

85



parameters changed respective to one another and there was no time lag between them.

This was true for all three datasets for the following comsselations: chlorine monitor

x chlorine spot, flow monitor x chlorine spot, temperature spot x chlorine monitor, and

temperature spot x chlorine spot. These results provide confirmation of good chlorine

monitoring by both ofine monitors and samplers @ralso confirm the variation of

chlorine with temperature. However, the variation of chlorine spot data with flow

monitor data shows that <chlorine concentratioc
chlorine dosing is related to flow rate, however, tli®uld not affect the resulting

concentration but rather the (unmeasured) rate of disinfectant addition. This suggests

that the performance of the chlorine dosing rig should be examined.

The crosscorrelations of turbidity monitor with chlorine monitor and chlorine spot
produced interesting results. In 2011, a time lag was identified for both correlations: 5 h
for chlorine monitor and approximately 16.3 h for chlorine spot. This sugdests t
changes in turbidity impacted the chlorine concentration of the water. The difference in
time lag could be a function of the different sampling frequencies for the two sets of
chlorine data. In 2012a, the cresmrelation between turbidity monitor armthlorine

spot showed a time lag of O h; and between turbidity monitor and chlorine monitor the
result did not meet the positive criterion. This means that peaks in turbidity occurred
after peaks in chlorine monitor data and could not be considered vau$at012b,

there was an applicable time lag for both correlations: 0.2 h for chlorine monitor and 0 h
for chlorine spot. Temperature spot and turbidity resulted in time lag$of @012a

and 2012b, but in 2011, the time lag was both negative ant.32BC22 and HPC37

had a time lag of 0 h in 2012a, but in 2011 and 2012b, the time lags were both negative
and >24 h. Chlorine spot data x HPC22 and chlorine spot data x HPC37 only resulted in
applicable results in 2012b, in 2011 and 2012a the time lags wagative and >24 h.

For changes in chlorine spot data, there was a time lag oh23#fore a detection of
HPC22 and 0 h before a detection of HPC37. None of the applicable results includes a
correlation with coliform detections for the six month dataslt is most likely that the
absence of coliforms from the cressrrelation results is because of thige of the

datasetelative to the number of detections
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Table 8: Cross-correlation results that were positive and between 0 and 24 for the six month
datasets Mythe 2011, 2012a and 2012b

Cross-correlation inputs Year
Parameter 1 Parameter 2 2011 2012a  2012b

Chlorine monitor  Chlorine spot 0.0 0.0 0.0
Flow monitor Chlorine spot 0.0 0.0 0.0
Turbidity monitor  Chlorine monitor 5.0 - 0.2
Turbidity monitor  Chlorine spot 16.3 0.0 0.0
Temperature spot Chlorine monitor 0.0 0.0 0.0
Temperature spot Turbidity monitor - 0.0 0.0
Temperature spot Chlorine spot 0.0 0.0 0.0
HPC22 HPC37 - 0.0 -

Chlorine spot HPC22 - - 234
Chlorine spot HPC37 - - 0.0

Table 7: Cross-correlation results that were positive andoetween 0 and 24 h for the week of the
failure for datasets Mythe 2011, 2012a and 2012b. Shaded rows highlight applicable cross
correlations with coliforms.

Cross-correlation inputs Year
Parameter 1 Parameter 2 2011 2012a 2012b

Chlorine monitor ~ Chlorine spot 0.0 0.0 0.0
Flow monitor Chlorine monitor 0.0 0.0 0.0
Flow monitor Chlorine spot 0.0 0.0 0.0
Flow monitor Turbidity monitor 0.0 0.0 0.0
Flow monitor Coliforms 19.1 - 12.3
Turbidity monitor  Chlorine monitor 1.0 0.0 0.0
Turbidity monitor  Chlorine spot 0.0 0.0 0.0
Turbidity monitor  Coliforms 7.9 - -

Temperature spot Chlorine monitor 0.0 0.0 0.0
Temperature spot Chlorine spot 0.0 0.0 0.0
Temperature spot Turbidity monitor 0.0 0.0 0.0
Chlorine monitor  Coliforms - - 22.7
Chlorine spot HPC37 - - 9.1
HPC37 Coliforms - - 23.0

Of the 81 crossorrelations condited on the weelof failure datasets, 33 yielded
positive time lags between 0 and 24Tlalgle 7). Time lags of O h were observed across
the three weekly datasets ftie following crosscorrelations:chlorine monitor x
chlorine spot, flow monitor x chlorine monitor, flow monitor x cliher spot, flow
monitor X turbidity monitor, turbidity monitor x chlorine spot, temperature spot X
chlorine monitor, temperature spot x chlorine spot and temperature spot x turbidity
monitor. These results concur with the findings from the full datasetsragard to the
variation of chlorine with both temperature and flow rate. At this Gcee, the data

show that flow rate impacts turbidity.
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Turbidity monitor x chlorine monitor showed alagtime dfh f or 20116s dat aset
for the two 2012 datate the two parameters changed one with another. In 2012b,
changes in chlorine spot data correlated with changes in HPC37 results with a time lag
of 9.1 h. Interestingly, at this tirrexale, coliforms appear in the crassrelation

results (highlighted ifTable7). There were no consistent relationships across the three
datasets. In 2011 and 2012b, there were time lags between changes in flow rage and th
coliform results, of 19.1 h and 12.3 h respectively. Turbidity monitor x coliforms
returned an applicable result in 2011 of 7.9 h. Changes in chlorine monitor data and
coliforms in 2012b had a time lag of 22.7 h. The day before the coliform detection in
2012b, HPC37s had been enumerated, with a lag time of 23.0 h. The HPC37 results had
been impacted by the chlorine spot data in this particular dataset.

Figurel8s hows the data trends for 20116s week of
peaked and dropped off (from 40 to 34 M[})dalmost a day before the coliform

detection; it also highlights the peak in turbidity that occurred approximately 8 h

befordhand (from 0.05 to 0.60 NTURigure 19 shows thaturbidity spikedin the 24 h

prior to the coliform detection in 2012Rkigure 20 shows an unclear trend with flow

rate in 2012b, but that there were HPC37 bacteria detected less than 24 h before the

coliform failure and a fluctuation in chlorine camtration (peaking at 1.3 mg bnd

falling to 0.55mgl™). These Figures corroborate the findings of the ecos=elations

and indicate that changes in final turbidity and unstable chlorine concentrations impact

the survival of coliforms.

5.3.2.SelfOrganising Maps

The SOMs for 201,12012aand 201D are presented iRigure2l. There are two parts to

the SOM output. They are the summarymatix and the component planes for the
individual parameters. The-bhatrix allows examination of the overall cluster patterns

in the input dataset after the model has been trained. In the component planes for each
parameter, the colouring corresponds to datuanerical values for the parameters as
shown in the scale bars next to each plot. Blue shades show low values ahddes
correspondwith high values. The ranges for the bacteriological parameters have been
adjusted by the algorithm as a result of zeecpadding; the SOM output is blue where

the result was CFUmI/100ml™?; for the maximum results the output colour is red.

The three datasets are discussed simultaneously. The purpose of these analyses is to
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identify common features for the threddees to aid operators in preventing futune

compliances
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Figure 18 Plot of data from the week of failure at Mythe, 2011.
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Figure 19: Plot of data from the week of failure at Mythe, 2012a
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Figure 20: Plot of data from the week of failure at Mythe, 2012b.

The temperature ranges noted for the three datasets were: 20011318 C; 2012a,
4.27 20.0 °C; and 2012b, 4i816.8 °C. Each of the component planedaminated by

low-medium water temperaturdsigure21).

The flow plot for 2011 shows a spread of flow rates with medium rates {35.5
38.4ML d%) dominating. In the dataset for 2012a, high flow rates were most prevalent
(36.21 38.6 ML d%). The 2012b dataset was dominated by mediigh flow rates
(34.91 40.0ML d™) (Figure21).

The turbidity plots also differ in their patterns. In 2011, the turbidity monitor recorded
predominantly low (0.03i 0.08 NTU) values with two patches of high (0.13
0.18NTU) turbidity. Results for 2012b were simildoy, 0.03i 0.06 NTU; high, 0.08

i 0.11 NTU). In comparison, the plot for 2012 showed a spread ofirledium
turbidity values (0.02 0.05 NTU) Figure21).

Chlorine monitor data showed the majority of readings were metdigmin 2011 (0.47

i 0.57 mg ™) with a patch of low chlorines (0.420.47 mg ). Conversely, 2012a
results were dominated by lemedium results (0.51 0.66 mg 1) with apatch of high
chlorines (0.6 0.74 mg 1. Chlorine concentrations were variable in 2012b, with a

spread of values across the full range (0.8286 mg 1) (Figure21).
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Figure 21: Self-organising maps for (a) 2011(b) 2012 and (c) 2012b (overleaf] six month

datasets
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Table 9: Mythe final SOM results showing parameter ranges for HPCs (upper) anccoliforms

(lower) i six month datasets.

HPCs at 22 and 37 degC Year

2011 2012a 2012b
Flow, ML d* 32.7-41.2 36.2-38.6 34.9 -40.0
Turbidity, NTU 0.03-0.08 0.02 - 0.03 0.03-0.0.6
Chlorine monitor, mg | 2 0.47 - 0.57 0.51-0.59 0.82-0.86
Chlorine spot, mg | * 0.46 - 0.59 0.41-0.57 0.59 -0.88
Water temperature,”C 4.8-18.9 4.2-9.4 48-16.8
Coliforms Year

2011 2012a 2012b
Flow, ML d* 32.7-38.4 31.4-33.8 37.5-40.0
Turbidity, NTU 0.03-0.08 0.03-0.05 0.03-0.06
Chlorine monitor, mg ' 1 0.42-0.47 0.51-0.59 0.83-0.84
Chlorine spot, mg | 1 0.46 - 0.52 0.41-0.49 0.78 - 0.88
Water temperature,’C 95-14.2 4.2-9.4 48-8.0

The spotsampled chlorine plot for 201Bhows the chlorine concentrations in
approximately vertical stripe§he concentrigons run low (0.46 0.52mg ) to high
(0.597 0.66 mg ') from left to right In 2012a and 2012b the ranges are arranged
diagonally top left to bottom right with 2012a going from high (0.57.65 mg ™) to

low (0.417 0.49 mg 1) and 2012b from low (0.59 0.69 mg 1) to high (0.78i
0.88mg ') (Figure21).
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The numbers of HPC bacteria at 22 and 37 °C varied between the two years. In 2011,
there were 19 deteotis of HPC22 ranging fromi115 CFU mt*; in 2012a, there were

10 detections ranging from i1 22 CFUmI™"; and in 2012b there were 11 detections
ranging from I 3 CFU ml*. In 2011, there were ten detections of HPC37 ranging from
17 5 CFUmI™Y; in 2012, there were nine detections ranging froiin 18 CFUmI™; and

in 2012b there were 11 detections ranging from2L.CFU mi*. The HPC results have
variable fingerprints across the three ye&igyre21 andTable9). In 2011, detections
tended to occur across ldwgh flow rates (32.7 41.2 ML d?), low turbidity (0.03i

0.08 NTU), medium to high chlorine monitor values (0i40.57 mg 1), low to
medium chlorine spot values (0.4®.59 mg 1) and lowhigh water temperature (4i8

18.9 °C). When these results were compared with the raw dataHG2H it was
observed thathe majority ofdetections occurred between May and June. In 2012a,
detections tended to occur with high flow rates (3638.6 ML d%), low turbidity (0.02

i 0.03NTU), low chlorine monitor values (0.50 0.59 mg ), low-medium spot
sampled chlorine values (0.410.57mg ') and low water temperature (4.29.4 °C).

The raw data showed that these detections were mostly between March and April. In
2012b, detections tended to occur with medhigh flow rates (34.9 40.0 ML d*),

low turbidity (0.03i 0.06 NTU), lowhigh monitor chlorine values (0.820.86 mg 1),
low-high spotsampled chlorines (0.50 0.88 mg 1) and lowhigh water temperature
(4.8717 16.8°C). The raw data showed that these detections were mostly between
November and December. Theveere no correlatios between HPC results and

coliform detections.

One coliform CFUL00 mi* was detected in each time period. The detections were all
plotted centreight in their respective component planésg(re 21). The coliform
results produced variable fingerprints over the three dataBatde(9). In 2011 and
2012a, the detections occurred with low monitor chlorine values {0@27 mg T,
2011; 0.5% 0.59 mg 1, 2012a) and low chlorine spot values (0i48.52 mg T, 2011;
0.417 0.49 mg T, 2012a). In 2012b, monitor chlorine was medium (0.8884 mg 1"
and sposampled chlorine was high (0.780.88 mg 1). In 2011 and 2012b the
coliform detections correlated with low temperature 4®5 °C, 2011; 4.8 8.0 °C,
2012b) whilst in 2012&he failure corresponded to medium water temperaturei(8.0
12.1 °C). In 2011, the flow rate was lemedium (32.7 38.4 ML d%) and turbidity was
low (0.037 0.08 NTU); in 2012a, the flow rate was low (31.83.8 ML d*) and the
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turbidity medium (0.03 0.05); in 2012b, the flow rate was high (37.80.0 ML d%)
and the turbidity low (0.08 0.06 NTU).

Across the three datasets, it can be seen that the coliform detections occurred when the
turbidity was low (<0.08 NTU) and monitor chlorine lanedium €0.60 mg tin 2011
and 2012a; <0.84 mg'lin 2012b). Coliformswere not detectedinder high water

temperature conditions.

During the week of the coliform failure in 2011, the coliform detection correlated with
medium flow rate (36.9 38.5 ML d%), low turbidity (0.04i 0.12 NTU), low monitor
and sposampled chlorines (0.440.48 mg T and 0.5G' 0.53 mg T, respectively) and
medium water temperature (11.712.4 °C). There were no HPCs enumerated during
that week Figure22 andTable10).

The week of 2012ads c ocblifoimdailure carrespanding toon s howe c
medium flow rate (36.2 37.7 ML d%), low turbidity (0.037 0.04 NTU), medium

monitor and spesampled chlorines (0.530.56 mg I and 0.50i 0.56 mg 1!, in that

order) and high water temperature (10.10.7 °C). Thee were no HPCs enumerated

over that time periodqigure22 andTable10).

In 2012b, the coliform detection correlated with high flow (36.89.1 ML d%),
medium turbidity (0.05 0.07 NTU), medium monitor chlorine (0.840.86 mg 1),

high spotsampled chlorine (0.8 0.83 mg 1) and medium watetemperature (9.1

10.0 °C). HPCs did not correlate with coliforms, but they were found under the same
conditions for flow, monitor and spsampled chlorine. HPCs corresponded to-low
medium turbidity (0.03i 0.07 NTU) and mediurhigh water temperature9(l i
11.0°C) (Figure22 andTable10).

At the weekly timescale, coliforms were found when the flow rate wasdiunthigh
(>36.0 ML d%), turbidity was lowmedium (<0.12 NTU), monitor and spsampled
chlorines were lownedium (0.44i 0.56 mg 1 in 2011 and 2012a and 0.80
0.86mgl™ in 2012b) and water temperature was between 9.0 and 11EG@e22).

These results agree with the findings from the six month datasets.
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(a) . 0.413 y v 40.1 0.289
io 212 - " 37.7 0 0.162
E
0.0108 & 35.3 0.0358
d d
Chlorine_11 ChlorSpot_11 TempSpot_11
F w 0.566 0.589 ‘ 13.1
,?' a ﬂo 501 10543 l 12.1
0.436 ‘ 0.497 T 11
d d
HPC22_11 HPC37_11 Coliforms_11
1 1 0.00662
ﬂo 0 l 0.00331
1 -1 -6.78e-21
d d
(b) U-matrix Flow_12 Turbidity 12
w 0.448 1 ' 0.0631
i 0220 & ‘ ’ 0.0475
&
4 4
0.0101 0.032
d
Chlorine 12 ChlorSpot_12 TempSpot_12
‘ 0.594 g‘ 0.613 10.7
] iz 0.543 io.szg 9.89
e 0.493 0.445 ‘ 9.04
d d
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d d d

Figure 22 Seltorganising maps for (a) 2011, (b) 2012a an@) 2012b (overleafy weekly datasets.
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Table 10: Mythe final SOM results showing parameter ranges for HPCs (upper) rad coliforms
(lower) i weekly datasets.
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d

HPC37 12B

0.007
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d
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Turbidity_12B

0.0902
0.0588
1 g
0.0274
d
TempSpot_12B
11
l. 9.53
B |
d
Coliforms_12B
0.00726
l 0.00363
-6.78e-21

HPCs at 22 and 37 degC Year

2011 2012a 2012b
Flow, ML dt - - 36.7-39.1
Turbidity, NTU - - 0.03 - 0.07
Chlorine monitormg I'T - - 0.84 - 0.86
Chlorine spatmg |1 - - 0.81-0.83
Water temperature,’C - - 9.1-11.0
Coliforms Year

2011 2012a 2012b
Flow, ML d* 36.9 - 38.5 36.2-37.7 36.7 - 39.1
Turbidity, NTU 0.04-0.12 0.03-0.04 0.05 - 0.07
Chlorine monitormg I' £ 0.44-0.48 0.53-0.56 0.84 - 0.86
Chlorine spatmg |1 0.50 - 0.53 0.50-0.56 0.81-0.83
Water temperature,’C 11.7-12.4 10.1-10.7 9.1-10.0

When SOMs were used to assess the day of the failure, they showed that across the
three failure days the flow rate was approximately 37.0 Mitdrbidity was less than

0.13 NTU (and less than 0.07 NTU in both 2012 datasets); and water temperature was
betwea 9.0 and 12.0 °C. There were no HPCs enumerated on any of the failure days. In

2011 and 2012a the monitor and spampled chlorines were 0.480.52 mg I* and in

2012b the range was 0.83.86 mg 1" (Figure23andTable11).
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Figure 23: Selt-organising maps for (a) 2011, (b) 2012and (c) 2012b (overleaf) daily datasets.
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U-matrix Turbidity
(©) 0.314 3.4 ‘ 0.092
0.176 38.1 “ 0.0725
0.0378 36.8 0.053
d
Chlorine TempSpot
0.881 0.833 m 9.58
0.848 0.828 “ 9.12
0.815 0.824 8.65
d d d
HPC22 HPC37 Coliforms

0

1 1 0.0173
0 io u i0.00SGS
d d

Table 11: Mythe final SOM results showing parameter ranges for coliformsi daily datasets.

Coliforms Year

2011 2012a 2012b
Flow, ML d* 36.8-37.5 36.4-37.2 37.7-39.4
Turbidity, NTU 0.04 -0.13 0.04 0.05-0.07
Chlorine monitoymg I'T 0.48 - 0.52 0.53-0.56 0.84-0.86
Chlorine spatmg I'1 0.52-0.53 0.51-0.52 0.83
Water temperature,’C 12.1-12.2 10.3-10.6 9.3-9.6

5.3.3. Cros=correlation and SOM results

Few of the crossorrelation results that met the selection criteria also had observable
correlations in the SOMs. Flow monitor x chlorine spot showed no clear patterns in the
SOMs for any of the six month datasets. There was approximate agreement with
chlorine monitor x chlorine spot in 2012a, but not in 2011 and 2012b. Likewise, there
was approximate agreement with temperature spot x chlorine spot in both of the 2012
datasets, but not in 2011. The crossrelations for temperature spot x chlorine monitor
yielded agreement for both of the 2012 datasets and an approximate agreement for
2011: these show that in 2011 and 2012a when temperature increased, the applied dose
of chlorine increased, but in 2012b the applied dose decreased. At the-aesdklythe
majority of findings from crossorrelation bore no resemblance to the outcomes of the

SOM analyses. There were approximate relationships between thecernedations
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and SOMs for the following: flow x chlorine monitor, 2011; flow x chlorine spot,
2012a; and temperature x chlorine spot, 2012b. In 2012a, the SOM showed a
relationship between temperature spot and turbidity, with turbidity increasing with

decreasing temperature.

5.3.4. Monitor interventions

The WIMS reports for the chlorine monitor showeslcalibration to be the most
common action taken, and one incidence where the sample line broke and had to be
repaired. The majority of the turbidity reports commented on erratic readings or high
alarms and the principal action taken was to increaseldhetifirough the monitor to
achieve a more stable reading. In 2011, there were four chlorine monitor interventions
and 20 jobs logged for the turbidity monitor; in 2012a there were seven and ten
interventions, respectively; and in 2012b there were ten andjoBs logged
correspondingly. The crogs®rrelation of the dates and times of these interventions with
the detections of coliforms yielded time lags of between 4,344 h (181 days) i to
2,162 h (90 days) after the event. None of the time lags atasbn 0 and 24 h. These
results show that monitor interventions are not a useful predictive tool for coliform
failures at Mythe WTW.

5.4. Discussion

5.4.1. Comparison of the results from crassrelation and SelDrganising Maps
Crosscorrelation aimsto provide a time lag between the changes in two selected
parameters. The way these results have been assessed in this method means that only
the strongest correlations are considered viable. From the six month data&etsf 27
crosscorrelations yieldedesults that met the selection criteria: time lags that were both
positive and <24 h; at the weekly scale, this increased t®.4This tool cannot
determine whether a rise or a fall in the first parameter affected the second. The SOM
analysis incorporateall the data and shows how one parameter relates to another; it has
no time element. The use of both methods was intended to provide useful information to

operators in managing the bacteriological quality of treated water at Mythe.

Turbidity negatively inmpacts chlorine residual and thus its disinfection efficacy
(LeChevallieret al, 1981; Sawyeet al, 2003). The crossorrelation results showed
that these parameters changed one with another; the SOM results did not clearly reflect

this. The occurrencef acoliforms with both lowmedium chlorines and loymedium
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turbidities suggests that the relationship among chlorine, turbidity and indicator
organisms is more compl ex thanPaditleuszeoi di ty af
and particle type can be purtant parameters in influencing the effectiveness of

disinfection processes (Templetat al. 2008).Debor de and von Guntenos
(2008) observed that there was a difference in the impacts of inorganic and organic

turbidities on chlorine stability. Faog et al (2008) found that disinfection was more

effective in the presence of inorganic turbidity in comparison with organic turbidity.

They also noted a weak inverse correlation between chlorine residual and coliforms in

drinking water. The results fno Mythe WTW concur with this observation; however,

the turbidities were low in both datasets. Particle size and type and turbidity

composition are not routinely determined in drinking water. Chlorine concentrations

were correlated with water temperaturethie six month datasets; this may have had a

greater effect than the low amount of turbidity.

Both methods showed that there was no relationship between HPCs and coliforms. This
observation was also noted in Chapsefor the whole STW region. It is generally
accepted that HPCs represent an overview of the bacteriological quality of drinking
water (Standing Committee of Analysts, 2012; McCoy and Olson, 1986; Franeisque
al., 2009), i.e. the greater the number of HRI@s higher the likelihood of detecting
indictor organisms. The lack of correlation between the numbers of HPCs and the
detection of indicator organisms suggests this may only be true in cases of acute
contamination.At Mythe WTW, the physical, chemical dnmicrobiological data
surrounding the coliform detections were not exceptional and the failures were for
1 CFU 100 mt* in each caseCrosscorrelation results meeting the selection criteria and
including coliform detections were only noted at the weeklgle and showed impacts

from flow rate, turbidity, monitor chlorine and HPC37 detections.

5.4.2. Raw data and data manipulation

The spotsampled data, apart from the coliform detections, were not marked as being
exceptional. Variation was observed Iretonrline flow, turbidity and chlorinelata as

would be expected at their sampling frequencies. The WIMS datasets were the weakest
inputs to the analyses. The database records the time that the intervention is logged. The
operators did not always recatte actual time (or date) of their work. The results from

this analysis may not be a true representation of the relevance of monitor interventions

to the occurrence of bacteriological failures.
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To conduct these analyses it was necessary to ensure tphataatieters contained the
same number of rows. The application of linear interpolation andpeefdingmakes
assumptions about what gppening with the parameters between samples. This is of
especial concern with regard to the spampled parameters, efe most of the
analysed dataset is constructed of assumed data. Monitors exist for the chemical and
physical paramets investigated in this study and these are used by operators to modify
treatment parametesg Mythe WTW. The greatest unknown is whahappening with

the bacteriological parameters.

The weekof failure time frames for the crossorrelations were extracted on a loop
selecting 10,080 rows at a timegresenting theumber of minutes per week). These
same selections were applied to theM& Using this method, the day of the failure
occurred at different points within the week and in the third dataset, the failure day was
Day 1.This would have impacted the results of the cramselations, in particular, as it

was not possible to analy2é h in advance of the failure.

5.4.3. Operational value of the results from the two methods

Both methods are useful for identifying relationships among a variety of water quality

parameters. Crossorrelation provides a simple time lag output; howetres,tendency

for qualifying results to be 0 h merely highlights the tendency for parameters to change
respective to one another. Correlations with coliform data were only observed at the
weekly timescale. The SOMs provide a broader understanding of \watdity at the

final sampling point under all given conditions. They can therefore help in the

development of a water quality fingerprint that results in a coliform failure.

Earlier versions of the six month dataset SOM analyses included month number in the
component planes. When the third dataset was introduced, inclusion of the month
number resulted iSOMs which werdlifficult to read on account of the month numbers
being 9 10, 11, 12, 1, and 2. The month numbers were removed from the 2011 and
2012a datasets for continuity. Following this it was observed that some of the findings
no longer held. In particular, it was shown that all three-soaes, six month, weekly

and dhily, now agreed; previously, the daily datasets had presented a different water
quality fingerprint. This demonstrates the importance of carefully selecting the

parameters for analyses using SOMs.
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Neither method is directly useful to operators on a-tdejay basis as their outputs
need interpretation prior to use. It is beneficial to be able to see the general water quality
factors that led to coliforrdetectionsthe crosscorrelation results alone show a lack of
time lag in which to act upon changeswater quality to prevent a failure. In order to
enable the use of these tools it is important to find parameters that give a time lag
sufficient for preventive action to be taken (for example by collectinginen
monitoring data from alternative locati® within the WTW) and to develop simpler

outputs from the analytical tools.

5.5. Conclusions

Crosscorrelation and SOMs were used to determine whethdmenwater quality
monitoring data could be used toform the root cause analysis bfcteriological
failures identified during spedampling at Mythe WTW. Three datasets were examined.
They represented six months of monitoring data from January to June in 2011 and 2012
and from September 2012 to February 2013. There was a single cdli&ection in

each six month period.

Crosscorrelation results that were considered for further analysis were positive and
<24h. Twentytwo of the 81 crossorrelations met both criteria from the six month
datasets, the following four had time lags df for all threedatasetschlorine monitor x
chlorine spot, flow monitor x chlorine spot, temperature spot x chlorine monitor, and
temperature spot x chlorine spot. Of the 81 crsselations conducted on the weekly
datasets 33 met the selection crdaeand the following had 0 h lags for all three
datasets chlorine monitor x chlorine spot, flow monitor x chlorine monitor, flow
monitor x chlorine spot, flow monitor x turbidity monitor, turbidity monitor x chlorine
spot, temperature spot x chlorine monjttemperature spot x chlorine spot, and
temperature x turbidity monitor. These results show good chlorine monitoring-by on
line monitors and samplers and also confirm the variation of chlorine with temperature.
The variation of chlorine spot data withoW monitor data suggests that chlorine

concentration could rise and fall with flow rate.

The six month SOMs for the HPC resultshowed thatthe following conditions
correlated with their detection at Mythe WTW:

f Low-high flow: 32.7i 41.2 ML d*

1 Low-high water temperature: 4i218.9 °C

102



1 Low-medium turbidity: 0.02 0.08 NTU
T Low-high residual chlorine: 0.4i70.86 mg T (monitor) and 0.41 0.88 mg 1" (spot

sample)

The detection of coliform bacteria at Mythe was not correlated with HPC22 or HPC37.
They were correlated with the following conditions under all tiscales:
T Low-high flow: 31.4i 40.0 ML d*
1 Low-medium water temperature: 4.24.2 °C
1 Low turbidity: 0.03i 0.08 NTU
1 Low-medium residual free chlorine: 0.420.59 mg 1/0.837 0.84 mg t* (monitor)
and 0.45 0.54 mg1/0.781 0.88 mg 1 (spotsampled)

There was no evidence to suggest that monitor interventions preceded bacteriological

failures at Mythe within any meaningful tinieame.

The analysis of data from Mythe WTW has shoWwatthigh turbiditydid notrelate to
bacteriological failuresd Hi g h 6 t thig chse study rgnged flom 0.:06.60 NTU

across the selected time peridds shown in the trend plotgjhe Water Supply (Water

Quality) Regulation®2000 specify that tebidity at the final monitoring point must be

below 1.00 NTU to prevent it impacting disinfectibon(He r Maj est y6s St a't
2000) thus it is unlikely that the high turbidities at Mytheesulted in reduced

chlorination efficacy.

Coliform detectios were associated with fluctuations in monitor chlorine data; whilst
this did not involve a cessation of disinfection as in the work by Codbaly(2005), it

does demonstrate the importance of a stable concentration. The SOM results show that
when the blorine dose was lownedium there was a risk of coliform detections. It is
important to note that this was lemvedium for the range of residual concentrations at

the two times of year featured. This implies that the target residuals should be revised
upwads at Mythe WTW.

Coliform detections occurred under lomedium water temperatures, and were
consistently below the 15.0 °C recommended by the World Health Organization (2004).

Low-medium water temperature would exacerbate the impact of the fluctuations in
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monitor chlorine which were observed and may have contributed to the non

compliances at Mythe.

The research question asked whether improved analysislofeoand spesample data
could be used tnform the root cause analysis lo@cteriological failures. Using data
from the final monitoring point alone has provided information on risk factdviyeite
WTW and these add to the root cause analysis for this WTW.

This Chapter has shown the first application of ciamselation and SOMs for the
analysis of bacteriological quality using sygampled and cfine monitoring data from

a WTW. The need foequal numbers of rows in the analysed dataset by both tools and
the nature of the raw data meant that a significant portion of the analyses were based
upon assumed (interpolated or zpaxded) data. The results show that SOMs enabled
an understanding ahe prevailing water quality at the time of the coliform detections at
Mythe WTW. However, deriving a time lag to enable operators to act to prevent a
future failure was more difficult. It is likely that this is because all the monitoring data

were takenrom the final sampling point at the WTW.

5.6. Recommendations for the management of bacteriological quality at Mythe
WTW
T Myt heds chlorine dosing is related to flow
resulting concentration but rather the (unmeadurate of disinfectant addition.
Since the crossorrelations indicated that chlorine concentration was impacted by
flow rate, the dosing rig should be examined and repaired/replaced as necessary.
1 All three of the coliform detections occurred whawth the chlorine concentration
and water temperatureerelow-medium It is therefore recommended that the dose
and/or the contact time be increased when disinfecting water at Mythe under low

medium temperature conditions.

5.7. Further work

1 In order to increas confidence in the conditions leading to a bacteriological failure,
more historical data needs to be collected and examined using the same protocols.
For Mythe, this should involve collecting the data for the same parameters for
historical bacteriologicahon-compliances.These tools can serve to aid in the

setting of water quality parameters (chlorine concentration, turbidity, etc.) for other
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sites companiesand within other countrieBy highlighting high risk combinations

of parameters.

Sampling at a higher frequency for bacteriological parametersd greatly aid the
ability of operators to act to ensure final water is compliant. Greater investment in
the development of ofine monitoringtools is recommended. Research conducted
by Berng et al. (2008) and Hammest al. (2008) has already demonstrated that
flow cytometry(FCM) is useful for monitoring microbiological qualitpnce data

have been collected using an-lore system, they can be analysed using eross
correlation and SOMs sucdhat acceptable limits of FCM readings can be prepared
and used to protect water quality in the distribution system.

A set of tools that can aidperators in their work to maintain water quaktyould

be the aim of future workOne of the key requirementgould therefore be to
devel op an output t hat recommends ti me
chlorine residual concentration by X mplor deduce flow rate through WTW by

X MLd% within a-frame Buthasdystem ttdulth e based am a
artificial neural network which uses lagged tisgries monitoring signals (with
time-lags identified by cross correlation) for predicting operational conditions.

To increase the time lag available between a change in water quality and the
detection of éacteriological failure, it would be beneficial to test data from earlier

in the WTW process train. Collecting data from after the rapid gravity filters or the
granular activated carbon filter§igure 17) may provide greater insight into the
complex relationships between the different parameters under examination.

The bacteriological quality of water is known to decline with distance fran th
WTW (Levi, 2004). Using the crosrrelation and SOM tools to determine
whether actions at the WTW could have prevented a failure at a service reservoir
would be valuable.
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6. Root Cause Analysis of Bacteriological Filures from Strensham
WTW

6.1.Introduction

In Chapter 5 it was observed that by working only with data from the Final monitoring
point of a WTW the majority of parameters change one with another and do not allow
time for operators to act on changing conditions. In order to assessewhatling data

from throughout the treatment process would enable a successful root cause analysis, a
further site was selected. THsgevern Trent Water (STWsjte also treats surface water
from the River Severn: Strensham WTW. It produces 160 MLusingthe process
outlined in Figure 24. There are three outlets from Strensham eaoliforms were
detected frontwo of thembetween January and May 2013. This work focuses on River
Severn Aqueduct (RSA) 1, because this is the outlet from which regulatory samples are
collected. RSA 1 experienced one coliform detection on the 29th March 2013 and an
Enterococcus detection on tiéth May 2013. It also had three coliform detections
from 1 L samples in the weeks following the regulatory coliform detection: 14th March,
1st April and 12th April 2013. Because of performance problems in 2011, Strensham
was having frequent througilant spot samphg in addition to the routine Raw and

Final monitoring. This makes the Strensham case study especially interesting.

Raw water -*> Settlement > Rapid fe>{  Granular
intake Tanks Gravity Activated A

Filters Carbon
Filters

Chlorination

| Supply Ié*l Balance Tank |€*-| De-chlorination H Contact Tank

Figure 24: Process flow diagram for StrenshamWTW; T marks the location of the online
monitors and through-plant spotsampling locations

This chapter seeks to provide further insight into research questions 4 and 5:
4. Is UK bacteriological compliance impacted by weather phenomena?
5. Can improved analysis of dme monitoring and spesample data be used to

inform the root cause analysislmdcteriological failurs?

This chapter willalsoassess thutility of thisRecommendation from Chapter 5:
1 To increase the time lag available weén a change in water quality and the
detection of a bacteriological failure, it would be beneficial to test data from earlier

in the WTW process train.
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6.2. Methods

6.2.1. Data collection

Results were collected fr om eBollWdaswany @t a
31% May 2013. These data were for coliforneslony forming units CFU) 100ml™:;

1L coliforms, CFU 1 L[; E.coli, CFU 100ml™; noncoliforms, CFU 100ml™; 1L
noncoliforms, CFU 1 [ Enterococci, CFU 10mml™*; HPCs at 22C and 37°C
(HPC22 and HPC37), CFU thlpH, pH units; turbiditynephelometric turbidity units
(NTU); free and total chlorine, mg; and water temperature, °C. The sampling points
from which these results were derived are detailedaible 12. There are four sets of
Settlement Tanks (A, B, C and D), each with their own sampling point. There are four
sets of Rapid Gravity Filters (RGFs) (A, B, C and D) there are only two sampling
points: ABC combined and D. Raw water Enterococci@ngerfringensanalysesere
conducted monthly, otheraw water and througplant analyses up to and including
Granular Activated Carbon (GAC) Filters were conducted etwoyto four days and
Contact Tank, Balance Tank and Final water samples were collected daily. In addition,
data for daily air temperature, °C and weekly rainfall, mm were received from Met
Of fice Hadl ey Centre for CIl i maurces Stategyn g e
team respectively.

Chemical, physical and bacteriological analyses were conducted by STW samplers and

laboratory staff as detailed in Chap®er

Table 12: Strensham spotsampling data and theprocesses from which these data were collected;
= analyses conducted (down the side of the table) on samples collected from specific sappiiets
(across the top).

x [Raw

x |Settlement Tank
x |RGFs

x |GAC Filters

x |Contact Tank

x |Balance Tank

Coliforms 100 m}
Coliforms1L?

E. coli
Non-coliforms100ml?
Non-coliforms1LT
Enterococci X

HPC22

HPC37

pH X X X
Turbidity X X

Free chlorine

Total chlorine

<
x X
x X
<
x X
X X X X X X X x x x x x|Final

X X X X X X
X X X X
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For the same time period, the following archivedlioe monitoring data were received
from ST WGreatioA BaaeTeam: Raw pH, pH units and Raw temperature, °C,
ABB AX400 (ABB Ltd., UK); GAC pH, pH units, ABB AX400 (ABB Ltd., UK); Final

free chlorine, mg 1, Capital Controls® TVU/CC1930 (Severn Trent Services,
Philadelphia); Final flow, MLd?, Kent Veriflux VTC (Elster Metering Ltd., UK); and
Final turbidity, NTU, Sigrist AquaScat WTMA (Sigrist, Germany). Chlorine and
turbidity data were archived every 1 min and the other data were archived every 15 min.

Further online monitoring data were receivéddr om S TWG6s ABawmBeam Cr eat i on
for monitor turbidity: RGF Filter Blocks A, B and C, NTU, Hach 1720E (Hach Lange,

UK) and Filter Block D,formazin turbidity units ETU), Hach 1720E (Hach Lange,

UK) and GAC Filters, NTU, Sigrist AquaScat WTMA (SigrisGermany)

Nephdometric and formazin turbidity units measure different phenomena in water and

results can vary greatlyoff the same water samples. Nedph®try measures the

scattering of light by particulates and the formazin method the interference to light

passage in a straight line (Sawgerl, 2003).

6.2.2. Data manipulation
The data were manipulated following the protocols detailed in Chaptérrigcessity,

some differences in method were made and these are detailed below.

It was intended that the Strensham datasets would be interpolated on the basis of the
Final chlorine monitor data, as was done with the Mythe dataset. However, it was found
that data had not been archived at each of the anticipated time points. Instead, a separate
input file was constructed formed only of date and time dafamin intervaldbetween

1% January 2013 and 3May 2013. This was then used as the interpolatonptate

for all Raw water parameters, all Settlement Tank parameters, all RGF parameters, all
GAC parameters, Contact Tank, Balance Tank and Final free and total chlorine,

turbidity and pH, Final flow and Final chlorine monitor data.
As before, the Findbacteriological data were zepadded, asvere bacteriologicallata

from the Contact Tank anBalance Tank. From these sampling points bacteria were

found less often and many of the results were 0 CFY100 mi*.
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These processes resulted in one Stramskataset which was tiradigned at 1 min

intervals.

A separate Filter dataset was constructed using the same methods and principally
containing turbidity and bacteriological data to enable the analysis of the RGF Filter
Block and GAC Filter turbidity da. This dataset was also tirakgned at 1 min
intervals using the date and time template created for the first Strensham dataset.

6.2.3. Croscorrelation

The Strensham dataset resulted in 2,204 eros®lations, as shown ihable 13a
andb. Table13is used in the same way as
Table6 in Chapter 5.

Crosscorrelations were conducted on the full dataset for Strensham and also for the
failure weeks. The Mythe analyses used MATLAB to divide the six month datasets into
weeks. This process led to the day of the failure being in different locations within the
failure week. To ensure this was not the case with the Strensham analyses, the week
datasets were determined based on three days either side of the failure daywshe r
corresponding to the respective time periods for the coliform, first, second and third 1
coliform and Enterococcus failures were extracted from the full datasehamhble

process repeated on feesubses.

The Filter dataset resulted in 68dbsscorrelations. Rainfall and Raw water turbidity
were crossorrelated with the monitor turbidity from the individual RGF Filter Blocks
and the GAC Filters. Monitor turbidity from the RGFs and GAC Filters were then
correlated with spesampled turbidit and bacteriological parameters from their
treatment stage, GAC Filters (RGFs only), Contact Tank and Balance Tank and Final

monitor turbidity and bacteriological parameters.

6.2.4. SeHOrganising Maps

The SelfOrganising Map (SOM) analyses wa@nducted on each unit process through
Strensham WTW, working from the Raw water through to the Final. The climate
parameters were subjected to analysis with the bacteriological parameters from the Final
sampling point: coliforms 100 M) coliforms 1 L', noncoliforms 1 L' and
Enterococci 100 ril. These analyses were conducted on the full five month dataset and
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on the weeks of each of the failures. Furthermore, the data for thpbargthcoliforms
and turbidity were analysed. The turbidity analysesuihetl the monitor data from the
individual RGF Filters and the GAC Filters.

Table 13a: Crosscorrelations applied to joined Strensham dataset; x = crossorrelation conducted
between Parameter 1 (down the side of the table) ancaRameter 2 (across the top).

Raw water temperature

x [RawE. coli

Raw coliforms

RawE. coli

Raw non-coliforms

Raw Enterococci

Raw turbidity

Raw pH Spot

Raw pH Monitor

Raw water temperature
Settlement tank coliforms
Settlement tankE. coli
Settlement tank non-coliforms
Settlement tank turbidity
Settlement tank pH

RGF coliforms

RGFE. coli

RGF non-coliforms

RGF turbidity

RGF pH

GAC coliforms

GACE. coli

GAC non-coliforms

GAC pH

Contact tank coliforms
Contact tank HPC22
Contact tank HPC37
Contact tank free chlorine
Contact tank total chlorine
Contact tank turbidity
Contact tank pH

Balance tank coliforms
Balance tank free chlorine
Balance tank total chlorine
Balance tank turbidity
Balance tank pH

Final free chlorine monitor
Final flow

Final turbidity monitor
Final coliforms 100 ml
Final Enterococci

Final HPC22

Final HPC37

Final coliforms 1 L

Final non-coliforms 1 L
Final free chlorine Spot
Final total chlorine

Final turbidity Spot

x [* [Raw non-coliforms

x | [ = |Settlement tank non-coliformd

x | < = [Settlement tank coliforms
x | [x [Settlement tankE. coli

X |x | [Settlement tank turbidity
X |x | % [Settlement tank pH

X | <[> |RGF non-coliforms

x |x | > [GAC non-coliforms

x [x [x [GAC pH

x [ | [Contact tank coliforms
X |x |x [Contact tank HPC22

x > | < [Contact tank HPC37

X |x | [RawC. perfringens
x [ [> [Raw Enterococci

X |x | [Raw turbidity

X |x | [Raw pH Spot
X |x | [Raw pH Monitor
X | < [* [RGF coliforms
x| > [RGFE. coli

X |x | [RGF turbidity
x [ = [GAC coliforms
x| = [GACE. coli

x| |x [RGF pH

XXX [X|X|X]|X]|X

X X[ X|IX|[X|X|[X]|X]|X

XXX [X|X|[X|X]|X]|X]|X

XXX [X|X[X|X]|X]|X]|X]|X

XXX IX|X[X|X|[X]|X]|X]|X]|X

XXX XX [X|X|X|X]|X]|X]|X]|X

XX XXX IX|X[X|X|X]|X]|X]|X]|X

XXX XXX XX |X|X|X]|X]|X]|X]|X

XX XXX XX XXX |X|X]|X]|X]|X]|X

XX XXX [X X XXX |X|X]|X]|X]|X]|X]|X

XX IX XXX X XXX |X|X|X|X|X|X]|X]|X

XXX PIX XXX X XXX |X]|X|X|[X]|X]|X]|X]|Xx

XXX XX XXX XX XXX X|X|[X]|X]|X]|X]|Xx

Final pH
Air temperature X|ox o x o x o x o x o x o x o x o x o x [ x [ x [ x [ x| x [ x [ x| x| x| x| x| x| x| x
Rainfall X x| x| x| x| x| x| x| x| x| x| x| x]x|x]x|x]x|x]x]|x] x| x] x| x
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crossorrelation conducted

between Parameter 1 (down the side of the table) and Parameter 2 (across the top).

Cross-correlations applied to joined Strensham dataset; x

Table 13b
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Raw coliforms
RawE. coli

Raw non-coliforms

Raw Enterococci
Raw turbidity
Raw pH Spot

Raw pH Monitor

Raw water temperature

ement tank coliforms
ement tankE. coli

ement tank non-coliforms
ement tank turbidity
ement tank pH

Settl
Settl
Settl
Sett
Sett

RGF coliforms
RGFE. coli

RGF non-coliforms
RGF turbidity
RGF pH

GAC coliforms
GACE. coli

GAC non-coliforms

GAC pH

Contact tank coliforms
Contact tank HPC22
Contact tank HPC37

Contact tank free chlorine

Contact tank total chlorine
Contact tank turbidity

Contact tank pH

ance tank coliforms

ance tank free chlorine

ance tank total chlorine
ance tank turbidity
ance tank pH

Bal

Bal

Bal

Bal

free chlorine monitor

flow

Final
Final
Final
Final
Final
Final
Final
Fina
Final
Final
Final
Final

turbidity monitor

coliforms 100 ml
Enterococci

HPC22
HPC37

coliforms 1 L

non-coliforms 1 L
free chlorine Spot

total chlorine
turbidity Spot

Air temperature

Rainfall
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The default sitings of linear initialisation and batch training were selected, but a change

was required in the 6SOM maked | ine of code:
% SOM1

TRAIN_CORE =[DataAll.Parameterl DataAll.Parameter2

DataAll.Parameter3 DataAll.Parameter4 DataAll.Parameter5];

%Specify data to include
sData=som_data_struct(TRAIN_CORE);

sData=som_normalize(sData, 'range' ); %Normalises data for analysis
sM = som_make((sData), 'msize’ ,[60 40]);

%Make SOM, use specified component plane dimensions
sM.comp_names{l}= ‘'Parameterl’ ; %lLabel the component plane
sM.comp_names{2}= ‘'Parameter2’ ;
sM.comp_names{3}= 'Parameter3' ;
sM.comp_names{4}= 'Parameter4d’ ;
sM.comp_names{5}= 'Parameter5’ ;

figure, som_show(sM); %Show SOM plot

This modified line of code was required to overcome a quirk in the SOM Toolbox that
allows some sets of component planes to have a 3:2 aspect ratio and others to have 10:1

despite being based on the same number of input vidigese?25).

Because of the size and complexity of the Strensham dataset, once it had been compiled
a line of code was added to remove the unnecessary Workspace variables beanhad

accrued during its construction (to frap memory).

clearvars -except DataAll* ; 9%Remove unnecessary variables , keep

%DataAll dataset
The crosscorrelation figures for Strensham were constructed so that each one contained
three plots. Acommand was introduced to clear the figures each time ten had been

generated.

close all; %Delete open plots

Furthermore, the allowable number of rows of code in MATLAB Editor was exceeded.
This meant that the crossrrelations had to be split into figections, with 600 in each
of the first four Editor files. The results were then brought togetheamixcel file for

subsequent analyses.
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6.3. Results

6.3.1. Crosscorrelation

The results from the cros®rrelations can only be identified as significant if the length

of time water spends in Strensham WTW is considered. These times are presented in
Table 14. Since it cannot be known which Settlement Tank affected water from the

RGFs and beyond, the average time range in this treatment procesis 2s&LP

Table 14: Time, h, that water spends in each treatment stagof Strensham WTW at maximum and
minimum output. Maximum output values were provided and assume 10% efficiency; times for
minimum output have been calculated based on the minimum flow rate and assume the same
proportions.

Intake Settlement Tank RGF Filters GAC Filters Contact Tank

Maximum flow 0.5 A 2.2 1.1 0.9 2.0
(131 ML dY B 2.2
C 2.0
D 2.4

Intake Settlement Tank RGF Filters GAC Filters Contact Tank

Minimum flow 0.6 A 2.6 1.2 1.0 2.3
(113 ML dY B 2.5
C 2.3
D 2.8

The crosscorrelatonanal ysi s of Strenshamés data showed
were both positive and between 0 and 24Thb(e 15). No crosscorrelations were
conducted betweel. perfringensand the other datasets because of the sporadic nature
of monitoring for this parameter (approximately monthly) and the fact that none were
recorded in the Final water. Likewise, Enterococci were only eroselated with Final
Enterococci, but the result did not meet the criteria of being both positive and between 0
and 24 h. The rainfall and air temperature data3etisl¢ 16 andTable17) showed that

most of the qualifying results for all parameters were for 0 h. This was the case for the
majority of applicable resultsceoss all analyses. Therefore, after looking at the full
crosscorrelation results for the climate parameters, the other results tables will focus on
crosscorrelations with results @h. The full tables of qualifying results are in
Appendix 2and importat features from these shall be referred to in @hapter The
crosscorrelation results will be explored in stages working progressively through the
WTW from Raw water to Final. Where appropriate, the full five month dataset and the
five failure weeks W be discussed simultaneously, with the tables divided into sections
by parameter. In the tables for rainfall and air temperature, where results for all five

failure weeks, sometimes with the inclusion of the five month dataset, were in
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agreement, thesews have been highlighted. In the subsequent tables (excluding the
individual RGF and GAC Filter turbidity results), only the results that referred to the
failure parameters (coliforms, Enterococci antd ¢oliforms) have beerhighlighted.

The table forhe RGF and GAC Filter results highlights the rows where all the failure
weeks agree (including/excluding the full five month dataset) and results that referred to

failure parametersave beemarked with a box.

6.3.1.1. Rainfall crossorrelations
Of the414 crosscorrelations conducted between rainfall and the WTW datasets and air
temperature, 198 met the selection critefiable 15 and Table 16). Of the applicable
results, all except one were 0 h; that was rainfall x GAC coliforms in the dataset for the
third 1 L coliform detection, with a time lag of 7.2 h. There were no correlations with

rainfall for Final coliforms, Enterococci or 1 L colifos.

Rainfall x Raw coliforms and rainfall x Raw turbidity changed one with another during
the weeks of the coliform, Enterococci, and first and thild doliform detections
(Table16). The trends over the respective weeks show that increased rainfall resulted in
increased numbers of coliforms and higher turbidity (graphs not shown). Rainfall x Raw
noncoliforms resulted in consistent results; the dremarts show that colony counts
rose with increasing rainfall. Rak. coli and RawC. perfringenshanged with rainfall

in the week of the Enterococcus failure and the first and thire&dliform detections.
During these weeks, the trends shéwcoliincreasing with rainfall; there was no clear
trend for the other failure weeks. During the week of the Enterococcus failure and the
third 1L coliform detection, numbers @&. perfringensrose with rainfall and for the

first 1L coliform detection the reveeswas the case. Raw Enterococci changed with
rainfall around the time of the first and third_Icoliform failures and the trends show
this was a slight decline; furthermore, the sporadic monitoring for this parameter means
that the dataset is heavily =alit on interpolation. Broadly speaking, these analyses
show that numbers of coliforms (and other bacteria) entering the WTW were influenced
by rainfall in the catchment. Bacteria and particulate matter are washed into rivers from
the watershed during raglf events which increases the loading received at a WTW
(Schetset al, 2005; Pitkaneret al, 2009. In the Raw water, changes in rainfall
consistently correlated with changes in pH, both monitored andsapgtled, for the

five failure weeks. For the Gform, Enterococcus and first and second toliform
detections spesampled pH fell and monitor pH rose with increasing rainfall for these
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datasets. Over the week of the thirtl toliform failure rainfall decreased and so too

did monitor and spesampéd pH. Finally, the raw water temperature changed with
rainfall for the Enterococcus detection and the thrde cbliform failures. Water
temperature changed inversely with amount of rainfall and thus increased during the

week of the third 1 coliform detction and decreased in the other weeks.

Table 15: Number of crosscorrelations conducted on each Parameter and the number that were
both positive and between 0 and 24 h.

No. Cross- No. +ve and | No. Cross- No. +ve and |
Parameter 1 correlations 24 h Parameter 1 correlations 24 h
RawCO 342 244 DFiltCO 192 124
RawkEC 342 284 DFiltEC 192 119
RawNC 342 251 DFiltNC 192 119
RawCLOS 0 - DFiltTurb 192 112
RawEN 1 0 DFiltpH 192 132
RawTurb 342 259 GACCO 162 87
RawpHSpot 342 321 GACEC 162 11
RawTemp 342 320 GACNC 162 69
RawpHMon 342 299 GACpH 162 95
ASettCO 222 147 CONCO 138 0
ASettEC 222 131 CONHPC22 138 2
ASettNC 222 147 CONHPC37 138 3
ASettTurb 222 153 CONFreeCL 138 83
ASettpH 222 159 CONTurb 138 82
BSettCO 222 131 CONpH 138 86
BSettEC 222 130 CONTotalCL 138 85
BSettNC 222 143 BALCO 96 2
BSettTurb 222 154 BALFreeCL 96 59
BSettpH 222 159 BALTurb 96 57
CSettCO 222 145 BALpH 96 60
CSetteEC 222 132 BALTotalCL 96 95
CSettNC 222 138 FINCLMon 66 33
CSettTurb 222 146 FINFlow 66 34
CSettpH 222 162 FINTurbMon 66 34
DSettCO 222 137 FINCO 66 0
DSettEC 222 127 FINEN 66 0
DSettNC 222 143 FINHPC22 66 1
DSettTurb 222 160 FINHPC37 66 0
DSettpH 222 161 FINCO1L 66 1
ABCFiltCO 192 125 FINNC1L 66 3
ABCEFiltEC 192 111 FINFreeCL 66 35
ABCEFiltNC 192 117 FINTurb 66 35
ABCEFiltTurb 192 121 FINpH 66 35
ABCEFiltph 192 132 FINTotalCL 66 36
Rainfall 414 198 AirTemp 414 212
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All four Settlement Tankare housed withifuildings. It is unlikely that their water
quality was directly impacted by rainfall, which is what a 0 h time lag suggests.
Settlement Tank A coliforms changed with rainfall during the weeks of the coliform,
Enterococcus and third L1 coliform detections(Table 16). The trends show that
coliform numbers increased with rainfall over these periods (graphs not sioveo)i
correlated with rainfall durign the Enterococcus and the second and thicccdliform
failures. Noncoliforms changed with rainfall during the weeks of the Enterococcus and
second 1 L coliform detections. In Settlement Tank B, coliforinscoli and non
coliforms changed (increased)itlv rainfall during the weeks of the coliform and
Enterococcus failures, with a further correlation wihcoli during the third 1L
coliform detectionE. coli and norcoliforms changed with rainfall during the week of
the coliform and Enterococcus faiés for Settlement Tank C. The coliforms in this
Tank were observed to change (increase) with rainfall only during the Enterococcus
failure. Meanwhile, in Settlement Tank D, coliforms changed (increased) with rainfall
during the coliform, Enterococcus atitird 1 L coliform failures;E. coli correlated

with rainfall during the Enterococcus and third 1 L coliform failures and the trends
show their numbers increased; and 4ooliforms changed (increased) with rainfall
during the coliform and Enterococcus ddiens. The apparendirectimpact(0 h time

lag) of rainfall on bacteriological quality from the Settlement Tadkspite them not
being exposed to the elementmay be an effect of the sporadic bacteriological
monitoring or of the unknown distance betwehe rainfall monitors and Strensham
WTW.

In Settlement Tanks B and C, turbidity correlated with rainfall during the week of the
coliform detection (rose with increasing rainfall); and also the first and third 1 L
coliform and Enterococcus failures (feltith increasing rainfall) Table 16). In
Settlement Tanks A and @he ®ttled water turbidity correlated with rainfall for the
Enterococcus and firsand third 1 L coliforms, but the trends showed an inconsistent
response to changes in rainfétlis unclear why Tank A performed differently to Tanks

B and C; Tank D may have functioned differently becauseadhia different treatment

stream

The H in Settlement Tanks B and C did change with rainfall for all five failure weeks;
but this was not true for Settlement Tanks A and D. Settlement Tank D is on a separate
process stream to A, B and C and this couldwly it has a different response;
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however, Tank A is part of the ABC stream and would be expected to perform similarly

to the other two.

RGF Filter Blocks A, B and C are uncovered and could have been directly impacted by
rainfall. Coliforms coming off Filter Block ABC changed (increasedth rainfall for

all five failure weeksTable16). E. colinumbers also changed (increased) with rainfall
at the time of the coliform and Enterocasadetections. The nesoliforms from Filter
Block ABC changed (increased) with rainfall for both the coliform and the third 1 L
coliform failures. Turbidity coming off the filters did not change consistently with
rainfall. In Filter Block ABC, turbidity banged (rose) during the weeks of the coliform
and Enterococcus failures; it changed (fell) during the second and third 1 L coliform
detections. The pH changed (rose) with rainfall for the coliform and Enterococcus
failures; and changed (fell) during thee@ks of the first and third L1 coliform failures.

RGF Filter Block D is housed within a building and rainfall cannot have directly
impacted the quality of water from this Block as indicated by the O h tirse lag

The GAC Filters are all housed within kdifgs. It is unlikely that rainfall would have
directly impacted the quality of water at this treatment statpch is what the 0 h time
lags imply GAC owliforms responded to rainfall during the week of the third 1
coliform failurei with a time lag of7.2 h.This is approximately 1.5 times the length of
time it takes for water to be treated to pG#C standard (4.Y 5.5h). The trend shows

that coliform numbers increased with decreasing rainfdle location of the rainfall
monitor in relation to $&ensham WTW is unknown and may account for the32h

time delay on the treatment time to this stage. This viable time lag indicates that rainfall
can affect the bacteriological performance of the GAC Filters. Therefore, monitoring
rainfall levels could povide some warning of coliforms passing throubls process
These suppositions will be studied in more detail with reference to GAC Filter turbidity
(Table29).

There were no qualifying results for cressrelations between rainfall and
bacteriological parameters beyond the GAC Filtérab(e 16). However, consistent
results exist for rainfall correlations with Contact Tank pH, Final free and total chlorine
and Final p H. With the pH results, Pt
pH was carried all through the WTW. Air temperatehanged (increased) with rainfall
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during the Enterococcus and first and seconhdcbliform detections; it also changed

(inversely) with rainfall during the week of the third. Toliform failure.

6.3.1.2. Air temperature cressrrelations
Of the 414crosscorrelations conducted between air temperature and the WTW datasets
and rainfall, 212 met the selection criteriBable 17). Of the applicable esults, all
except five were 0 h. Four of these occurred during the week of the coliform failure.
They were for air temperature with: Raw turbidity, A%, Raw water temperature,
7.3h; Settlement Tank C pH, 23.2 h; and, Final flow rate, 8.9 h. Thediiféhoccurred
in the week of the third L coliform detection and related to air temperature x Contact
Tank HPC22, 8.h. Applicable crossorrelation results for the Enterococcus failure
and thefirst and second 1 coliform detections were numerous. There were no
correlations with air temperature fBinal coliforms, Enterococci or 1 L coliforms, but

Final noncoliforms did feature.

Raw water temperature was impacted by air temperature during all fiwe faveeks

and throughout the five month dataset. The trends show that Raw water temperature
increased with increasing air temperature (graphs not shown). The correlation of
(increasing) Raw water indicator bacteria with air temperature is likely tordsult of

air temperature affecting water temperature. Since water temperature change lagged
behind air temperature change, it would be expected that Contact Tank HPC22 numbers
would lag behind to@8.2 h) However, Raw water temperature x Contact Tank 2PC

did not yield crossorrelation results that were positive and between 0 and(Z4kite

18b).

The total chlorine concentration in the Contact K@onsistently correlated with air
temperature, including the five month dataset. It is likely that this is as a result of the air
temperature influencing the Raw water temperature; water temperature is a factor in
determining the required chlorine doserifendenet al, 2005). Final monitor free

chlorine was similarly affected.
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Table 16: Cross-correlation results for rainfall at Strensham. Shaded rows highlight cross
correlations that were both positive and between 0 and 24dfor all five failure weeks and, where
applicable, the five month dataset.

Parameter 1 Parameter 2 5 months CcO EN CO1L(1)CO1L(2)CO1L (3
Rainfall RawCO - 0.0 0.0 0.0 - 0.0
Rainfall RawEC - - 0.0 0.0 - 0.0
Rainfall RawNC - 0.0 0.0 0.0 0.0 0.0
Rainfall RawCLOS - - 0.0 0.0 - 0.0
Rainfall RawEN - - - 0.0 - 0.0
Rainfall RawTurb - 0.0 0.0 0.0 - 0.0
Rainfall RawpHSpot - 0.0 0.0 0.0 0.0 0.0
Rainfall RawTemp - - 0.0 0.0 0.0 0.0
Rainfall RawpHMon - 0.0 0.0 0.0 0.0 0.0
Rainfall ASettCO - 0.0 0.0 - - 0.0
Rainfall ASettEC - - 0.0 - 0.0 0.0
Rainfall ASettNC - - 0.0 - 0.0 -
Rainfall ASettTurb - - 0.0 0.0 - 0.0
Rainfall ASettpH - 0.0 0.0 0.0 - 0.0
Rainfall BSettCO - 0.0 0.0 - - -
Rainfall BSettEC - 0.0 0.0 - - 0.0
Rainfall BSettNC - 0.0 0.0 - - -
Rainfall BSettTurb - 0.0 0.0 0.0 - 0.0
Rainfall BSettpH - 0.0 0.0 0.0 0.0 0.0
Rainfall CSettCO - - 0.0 - - 0.0
Rainfall CSettEC - 0.0 0.0 - - -
Rainfall CSettNC - 0.0 0.0 - - -
Rainfall CSettTurb - 0.0 0.0 0.0 - 0.0
Rainfall CSettpH - 0.0 0.0 0.0 0.0 0.0
Rainfall DSettCO - 0.0 0.0 - - 0.0
Rainfall DSettEC - - 0.0 - - 0.0
Rainfall DSettNC - 0.0 0.0 - - -
Rainfall DSettTurb - - 0.0 0.0 - 0.0
Rainfall DSettpH - 0.0 0.0 0.0 - 0.0
Rainfall ABCFiltCO - 0.0 0.0 0.0 0.0 0.0
Rainfall ABCFiltEC - 0.0 0.0 - - -
Rainfall ABCFiltNC - 0.0 - - - 0.0
Rainfall ABCFiltTurb 0.0 0.0 0.0 - 0.0 0.0
Rainfall ABCFiltpH - 0.0 0.0 0.0 - 0.0
Rainfall DFiltCO - 0.0 0.0 0.0 - 0.0
Rainfall DFiltEC - 0.0 0.0 - - 0.0
Rainfall DFiltNC - 0.0 - - - 0.0
Rainfall DFiltTurb - - 0.0 - - 0.0
Rainfall DFiltpH - 0.0 0.0 0.0 - 0.0
Rainfall GACCO - - 0.0 - - 7.2
Rainfall GACNC - - 0.0 - - -
Rainfall GACpH - 0.0 0.0 0.0 - 0.0
Rainfall CONFreeCL - 0.0 0.0 0.0 - 0.0
Rainfall CONTurb - 0.0 0.0 - - 0.0
Rainfall CONpH - 0.0 0.0 0.0 0.0 0.0
Rainfall CONTotalCL - 0.0 0.0 0.0 - 0.0
Rainfall BALFreeCL - 0.0 0.0 0.0 - 0.0
Rainfall BALTurb - 0.0 0.0 - - 0.0
Rainfall BALpH - 0.0 0.0 0.0 - 0.0
Rainfall BALTotalCL - - 0.0 0.0 - 0.0
Rainfall FINCLMon 0.0 - 0.0 0.0 - 0.0
Rainfall FINFlow - - - 0.0 0.0 0.0
Rainfall FINTurbMon - 0.0 0.0 - - 0.0
Rainfall FINFreeCL - 0.0 0.0 0.0 0.0 0.0
Rainfall FINTurb - - 0.0 0.0 - 0.0
Rainfall FINpH 0.0 0.0 0.0 0.0 0.0 0.0
Rainfall FINTotalCL - 0.0 0.0 0.0 0.0 0.0
Rainfall AirTemp - - 0.0 0.0 0.0 0.0
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Table 17: Cross-correlation results for air temperature at Strensham Shaded rows
highlight cross-correlations that were both positive and between 0 ang4 h for all
five failure weeks and, where applicable, the five month dataset

Parameter 1 Parameter 2 5 months CcO EN CO1L(1)CO1L(2)CO 1L (3
AirTemp RawCO - - 0.0 0.0 0.0 0.0
AirTemp RawEC - - 0.0 0.0 0.0 0.0
AirTemp RawNC - - 0.0 0.0 0.0 0.0
AirTemp RawCLOS 0.0 0.0 0.0 - 0.0 0.0
AirTemp RawEN - 0.0 - - 0.0 0.0
AirTemp RawTurb - 19.0 0.0 0.0 0.0 0.0
AirTemp RawpHSpot 0.0 - 0.0 - 0.0 0.0
AirTemp RawTemp 0.0 7.3 0.0 0.0 0.0 0.0
AirTemp RawpHMon 0.0 - 0.0 0.0 0.0 0.0
AirTemp ASettCO - - 0.0 - 0.0 0.0
AirTemp ASettEC - - 0.0 - 0.0 0.0
AirTemp ASettNC - - 0.0 - 0.0 0.0
AirTemp ASettTurb - 0.0 0.0 - 0.0 0.0
AirTemp ASettpH 0.0 - 0.0 - 0.0 0.0
AirTemp BSettCO - - 0.0 - 0.0 0.0
AirTemp BSettEC - - 0.0 - - 0.0
AirTemp BSettNC - - 0.0 - 0.0 0.0
AirTemp BSettTurb 0.0 - 0.0 - 0.0 0.0
AirTemp BSettpH 0.0 - 0.0 - 0.0 0.0
AirTemp CSettCO - - 0.0 - - 0.0
AirTemp CSettEC - - 0.0 - - -
AirTemp CSettNC - - 0.0 - - 0.0
AirTemp CSettTurb 0.0 - 0.0 - 0.0 0.0
AirTemp CSettpH 0.0 23.2 0.0 - 0.0 0.0
AirTemp DSettCO - - 0.0 - 0.0 0.0
AirTemp DSettEC - 0.0 0.0 - - 0.0
AirTemp DSettNC - - 0.0 - 0.0 0.0
AirTemp DSettTurb 0.0 - 0.0 0.0 0.0 0.0
AirTemp DSettpH 0.0 - 0.0 - 0.0 0.0
AirTemp ABCFiltCO 0.0 - 0.0 - 0.0 0.0
AirTemp ABCFiltEC - - 0.0 - - 0.0
AirTemp ABCFiltNC - - 0.0 - 0.0 0.0
AirTemp ABCEFiltTurb - - 0.0 - 0.0 0.0
AirTemp ABCEFiltpH 0.0 - 0.0 - 0.0 0.0
AirTemp DFiltCO 0.0 0.0 0.0 - 0.0 0.0
AirTemp DFiltEC - - 0.0 - - 0.0
AirTemp DFiltNC - - 0.0 - 0.0 0.0
AirTemp DFiltTurb - - 0.0 - 0.0 0.0
AirTemp DFiltpH 0.0 0.0 0.0 - 0.0 0.0
AirTemp GACCO - - 0.0 - 0.0 -
AirTemp GACNC - - 0.0 - - -
AirTemp GACpH 0.0 - 0.0 - 0.0 0.0
AirTemp CONHPC22 - - - - - 8.2
AirTemp CONFreeCL 0.0 - 0.0 0.0 0.0 0.0
AirTemp CONTurb - - 0.0 - 0.0 0.0
AirTemp CONpH 0.0 - 0.0 - 0.0 0.0
AirTemp CONTotalCL 0.0 0.0 0.0 0.0 0.0 0.0
AirTemp BALFreeCL 0.0 - 0.0 0.0 0.0 0.0
AirTemp BALTurb - - 0.0 - - 0.0
AirTemp BALpH 0.0 0.0 0.0 - 0.0 0.0
AirTemp BALTotalCL 0.0 - 0.0 0.0 0.0 0.0
AirTemp FINCLMon 0.0 0.0 0.0 0.0 0.0 0.0
AirTemp FINFlow - 8.9 0.0 - 0.0 0.0
AirTemp FINTurbMon - - 0.0 - - 0.0
AirTemp FINNC1L - 0.0 - - - -
AirTemp FINFreeCL 0.0 - 0.0 - 0.0 0.0
AirTemp FINTurb - - 0.0 - - 0.0
AirTemp FINpH 0.0 0.0 0.0 - 0.0 0.0
AirTemp FINTotalCL 0.0 - 0.0 - 0.0 0.0
AirTemp Rainfall - - 0.0 0.0 0.0 0.0
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Table 18: Raw water crosscorrelations where at least one of the results had a time lag >0 t
Shaded results highlight applicable crossorrelations with Final coliforms or Final 1 L
coliforms.

Parameter 1 Parameter 2 5 months CcO EN CO1L(1)CO1L(2)CO1L (3
RawCO RawTurb 214 0.0 0.0 0.0 0.0 0.0
RawCO ASettEC 3.9 0.0 0.0 0.0 0.0 0.0
RawCO CSettEC 0.8 0.0 0.0 0.0 0.0 0.0
RawCO ABCFiltEC 0.1 0.0 0.0 0.0 0.0 0.0
RawCO DFiltEC 15 0.0 0.0 0.0 0.0 0.0
RawCO GACEC - - - 10.7 - -

RawCO BALTurb 4.0 0.0 0.0 0.0 5.4 0.0
RawCO FINHPC37 21.8 - - - - -

RawCO FINNC1L - - - - 23.7 -

RawEC RawCO 0.0 4.6 0.0 0.0 0.0 0.0
RawEC RawNC 2.2 11.8 0.0 0.0 0.0 0.0
RawEC RawEN 22.9 0.0 - 0.0 0.0 0.0
RawEC RawTurb 1.6 0.0 0.0 0.0 0.0 0.0
RawEC ASettCO 12.2 14 0.0 0.0 0.0 0.0
RawEC ASettEC 13.9 0.0 0.0 - 0.0 0.0
RawEC BSettCO - 3.3 0.0 - 0.0 0.0
RawEC BSettEC 4.2 - 0.0 - 0.0 0.0
RawEC CSettEC 17.8 15.2 0.0 - 0.0 -

RawEC DSettCO 8.1 10.5 0.0 - 0.0 0.0
RawEC DSettEC 0.8 0.0 0.0 0.0 0.0 0.0
RawEC ABCFiltEC 4.7 3.8 0.0 - 0.0 0.0
RawEC DFiltCO 0.1 0.0 0.0 0.0 0.0 0.0
RawEC DFiltEC 5.7 5.3 0.0 0.0 0.0 0.0
RawEC CONTurb - 0.9 0.0 0.0 0.0 0.0
RawEC FINTurbMon - 14.0 - 0.0 0.0 0.0
RawEC FINCO - 20.3 - - - -

RawEC FINCO1L - - - - 12.3 -

RawEC FINFreeCL 2.0 0.0 0.0 0.0 0.0 0.0
RawNC ASettEC 5.0 0.0 0.0 - 0.0 0.0
RawNC BSettEC 6.5 0.0 0.0 - 0.0 0.0
RawNC CSettEC 7.7 0.0 0.0 - 0.0 0.0
RawNC ABCFiltCO 1.7 0.0 0.0 0.0 0.0 0.0
RawNC DFiltCO 1.2 0.0 0.0 0.0 0.0 0.0
RawNC GACCO - - 0.0 - - 0.1
RawNC GACNC - 0.0 0.0 - - 5.3
RawNC CONTotalCL 0.1 0.0 0.0 0.0 0.0 0.0
RawNC FINFlow 8.7 0.0 0.0 0.0 0.0 0.0
RawNC FINFreeCL 8.1 0.0 0.0 0.0 0.0 0.0
RawNC FINTotalCL 3.5 0.0 0.0 0.0 0.0 0.0
RawTurb FINCO - 20.3 - - - -

RawTurb FINNC1L - - - - 23.7 -

RawpHSpot RawTurb 17.3 0.0 0.0 0.0 0.0 0.0
RawpHSpot BSettEC 3.9 0.0 0.0 0.0 0.0 0.0
RawpHSpot BSettNC 6.1 0.0 0.0 0.0 0.0 0.0
RawpHSpot DFiltTurb 10.9 0.0 0.0 0.0 0.0 0.0
RawpHSpot GACCO - 0.0 0.0 0.0 0.0 0.6
RawpHSpot CONHPC37 - - 23.7 - - -

RawpHSpot FINTurbMon 7.4 0.0 0.0 0.0 0.0 0.0
RawpHMon ASettEC 0.0 0.0 1.6 0.0 0.0 0.0
RawpHMon CSettEC 0.0 0.0 3.3 0.0 0.0 0.0
RawpHMon DFiltTurb 16.4 0.0 0.0 0.0 0.0 0.0
RawpHMon GACCO - 0.0 0.0 0.0 0.0 0.3
RawpHMon GACEC - - - 0.0 - 15.0
RawpHMon GACNC - 0.0 0.0 0.0 0.0 17.9

122



Table 18b: Raw water crosscorrelations where at least one of the results had a time lag >0 h.

Parameter 1 Parameter 2 5 months CO EN CO1L(1)CO1L(2)CO 1L (3
RawTemp  ASettEC 0.0 3.4 0.0 0.0 0.0
RawTemp  BSettEC 9.5 0.0 0.0 0.0 0.0
RawTemp  BSettNC 10.3 0.0 0.0 0.0 0.0
RawTemp  CSettEC - 5.8 0.0 0.0 0.0
RawTemp  DSettEC 9.0 0.0 0.0 0.0 0.0
RawTemp  DFiltTurb 17.2 6.2 0.0 0.0 0.0 0.0
RawTemp  CONTurb 11.6 0.0 0.0 0.0 0.0 0.0
RawTemp BALTurb 4.0 0.0 0.0 0.0 0.0 0.0

6.3.1.3. Raw cdfiorm crosscorrelations
Of the 342 crossorrelations conducted with Raw coliforms, 244 resulted in positive
time lags between 0 and 24 haple 15). Whilst most of the results were 0 h, several
time lags were identifiedT@ble18a and b). From the five month dataset, the following
correlations redted in a time lag: Raw turbidity, 21.4 h; Settlement TanlE &oli,
3.9h; Settlement Tank €. coli, 0.8 h; Filter Block ABCE. coli, 0.1 h; Filter Block D
E.coli, 1.5 h; Balance Tank turbidity, 4.0 h; and Final HPC37, 21.8 h. Furthermore,
during the frst 1L coliform failure, Raw coliforms produced a time lag with GAC
Filter E. coli, 10.7 h; and during the second. toliform failure, positive time lags were
observed for Balance Tank turbidity, 5.4 h and Finalnbn-coliforms, 23.7 h.

Bacteriologi@al crosscorrelations forRaw water coliformanet the selection criteria
across all datasets for the following parameters: Rawcobforms andC. perfringens
Settlement Tanks A, B, C and D colifornts, coli and nonrcoliforms; Filter Blocks

ABC and D ctiforms, E. coliand noncoliforms (Appendix 2)The time lags relating to
downstream coliforms were all 0 h; but viable time lags were identified Evittoli.

The time lag between Raw coliforms and Settlement Tarik &oli was 0.7 1.2 h

longer than th time taken for water to be treated to this stage in the Walle 14).
Conversely, the time lags for Tank C and Filter Blocks ABC ané. [@oli were too

short. The time lag for GAC Filtdf. coli was approximately double the time required

to treat water to this stage. It is assumed that this is becatisesaimplingfrequency

for bacteriological parameterklnless there was a problem with the operabf the
Settlement Tanks (something which has not been identified) water would be expected to
pass through them at approximately the same rate at any given time. It appears that the
performance of the different Settlement Tanks is variable. These petiksighs in the

E. coli data are not related to the peaks or troughs in the Raw water coliforms against

which they have been compared. It demonstrates that the bacteriological quality of both
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the Raw water and the treatment stages fluctuate, and irasuenner that they appear

to change contiguously.

There was a time lag of 21.4 h between a change in the Raw coliforms and that of Raw
turbidity in the full five month dataseTéble18a). It suggests that peaks or troughs in

Raw coliform data preceded those of turbidity by almost a day.

6.3.1.4. RavE. colicrosscorrelations
Of the 342 crossorrelations conducted withais E. coli, 284 resulted in positive time
lags between 0 and 24 figble 18a). The majority of the results were for Oamd
consistently applicable tienlags were identified for Ra®. coli correlated with the
following bacteriological parameters: Raw coliforms, fwmtiforms andC. perfringens
Settlement Tank A coliforms and naoliforms; Settlement Tank [E. coli; Filter
Block ABC coliforms; and Fiir Block D coliforms andt. coli (Appendix 2). Twenty
five of thecrosscorrelations resulted in time lags. From the five month dataset, these
were for Rawk. coli with: Raw noncoliforms, 2.2 h; Raw Enterococci, 22.9 h; Raw
turbidity, 1.6 h; Settlement & A coliforms, 12.2 h andk. coli, 13.9 h; Settlement
Tank BE. coli, 4.2h; Settlement Tank €. coli, 17.8 h; Settlement Tank D coliforms,
8.1 h ancE. coli, 0.8 h; Filter Block ABCE. coli, 4.7 h; Filter Block D coliforms, 0.1 h
andE. coli, 5.7h; andFinal spotsampled free chlorine, 2.0 H.is interesting to note
the repeated appearancekafcoli within the results. There were & coli recorded
postGAC in the raw data and this shows tRatoli were effectively controlled through
chlorinationthroughout the time period under study. Time lags were observed from the
week of the coliform detection too, these were for Fawcoli with: Raw coliforms,
4.6 h; Raw norcoliforms, 11.8 h; Settlement Tank A coliforms, h;4Settlement Tank
B coliforms, 3.3 h; Settlement Tank €. coli, 15.2h; Settlement Tank D coliforms,
10.5 h; Filter Block ABCE. coli, 3.8 h; Filter Block DE. coli, 5.3 h; Contact Tank
turbidity, 0.9 h; Final monitor turbidity, 141§ and Final coliforms, 20.8. The trend
for the wesk of the coliform detection shows that it was a peak in Raw \Eatewli that
preceded the bacteriological failure. Finally, in the secohdctliform failure, there
was a time lag of 12.8 between a change in the R&wcoli loading and the collection
of the failing 1L coliform sample. This result further suggests a potential link between
RawE. coli and Final coliforms and highlights a potential problem with the disinfection

protocol at Strensham regarding the survival of coliforms.
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The results show that Raw water coliforms and-ooliforms during the week of the
coliform failure were impacted by a change in the numbeRast waterE. coli. The

trend showed that coliforms and nooliforms continued to increase aftér coli
numbershad peaked and were in decline. Since coliforms anecobiorms come from

a variety of sources and are not necessarily faecal in origin they will be affected
differently by the environmental and catchment conditions. It is likely that these
bacteria arefound in greater numbers in the environment than the strictly faecal

indicators (i.eE. coli, C. perfringensand Enterococci).

From the five month dataset, Rdw coli yielded time lags wittE. coli from all four
Settlement Tanks and both Filter Blocks. It takesi2.5.4 h for water to pass the
Settlement Tanks and 3i64.6 h for water to leave the RGF Filter Blocks. The time

lags recorded against Settlement Tanks A and C were 8. Band 6.1 7.1 times the

length of time required to treat water to this level. For Settlement Tank B the time lag
was at | east 1.0 h longer t hat the tre
insufficient. Although the Settlement Tank time lags do not agree witlreatment

time, the Filter Block time lags were closer (Blocks ABC and Di 3181 h).

The Contact Tank parameters consistently correlated withERawliand a time lag of
0.9 h was observed with turbidity during the week of the coliform failure;tiime lag

is insufficient for the water to have passed through the treatment works to this stage.

Of interest are the appearance of time lags for coliforms, 20.3 h &ancbliforms,

12.3h during the weeks of the coliform detection and the secdnddliform failure,
respectively. Throughout the cressrrelation of theE. coli data, both coliforms and

E. coli have been recurring features of results with viable time Eg=li results were

not found after the GAC Filters across the six datasets. Sthongly suggests that, at

the very least, the disinfection strategyh@t optimised to kill/inactivateoliforms, but

is effective againsE. coli. It is important to note that coliforms were not present in the
raw data from the Contact Tank or Balad@nkduring the failure weeksvhich would

imply that some of them were damaged but not killed during disinfection and started to

recover beyond the Balance Tank.
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6.3.1.5. Raw noieoliform crosscorrelations
Of the 342 crossorrelations conducted witRaw noncoliforms, 251 met the criteria of
being both positive and between 0 and 24 &b(e 18a). The majorityof these results
were for Oh and cosistent results were obtained with the following bacteriological
parameters: Raw coliforms ai@ perfringens Settlement Tank A coliforms and non
coliforms; Settlement Tank B. coliand norcoliforms; and Filter Blocks ABC and D
coliforms, E. coli and nm-coliforms (Appendix 2). e lags were observeidr a
variety of parameterg-rom the five month dataset, Raw rmoiiform numbershanged
ahead of the following parameters: Settlement Tarkk €oli, 5.0h; Settlement Tank B
E. coli, 6.5 h; Settlement Tank E. coli, 7.7 h;Filter Block ABC coliforms, 1.h; Filter
Block D coliforms, 1.2 h; Contact Tank total chlorine, B;1Final flow rate, 8.7 h;
Final spotsampled free chlorine8.1 h; and Final total chlorine, 3.5 h. The timgsla
observed for the Settlement Tanks are two to three times longer than the time required
for water to be treated to this stage; the time lags derived for the Filter Bocks, Contact
Tank and Final total chlorine are too short. Two parameters in the thirdoliform
failure resulted in viable time lags: GAC Filter coliforms and-noliforms, 0.1 h and
5.3 h, respectively. The GAC Filter coliform time lag is shorter than the time required
for treatment to this level, but the nooliform result suggests th&aw nonrcoliforms
are related to GAC Filter neeoliforms. The trend shows that GAC Filter ron

coliforms increased after an increase in Raw-califorms.

6.3.1.6. Raw turbidity crossorrelations
Of the 342 crossorrelations conducted with raw turlild 259 met the criteria of being
both positive and between 0 and 24Thlfle18a). The majority of the results were 0 h
and consistent results werdtained for the following parameters: Raw coliforms,
E. coli, noncoliforms andC. perfringens Settlement Tank A coliforms; Settlement
Tanks A, B and C turbidity and pH; Settlement Tank D coliforag;oliand pH; Filter
Blocks ABC and D coliforms, neooliforms, turbidity and pH; GAC Filter pH; Contact
Tank and Balance Tank free and total chlorines andHRahgl monitor free and spot
sampled free and total chlorines, flow, monitor and spotpled turbidity and pH
(Appendix 2). o resultshadviabletime lags: Final coliforms during the week of the
coliform failure, 20.3h and Final noscoliforms in the dataset for the second 1
coliform detection, 23.1h (Table 183). These time lags are approximately three times
the length of time required to fully treat water. There were no data provided for the
length of time that water may spend in the Balance Tank prior to being discharged, but
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it is unlikely tobe 14 hRaw water turbidity across the five failure weeks had a range of
5.2271 27.52 NTU.The trends showed that turbidity fluctuated gently during the weeks
of the coliform andgecond anthird 1L coliform failures; the week of the Enterococcus
failure saw turbidity remain low and then rise from 5i226.39 NTU in the last two
days of that periodurbidity during the first 1 coliform failure rose steadily from 7.94

I 27.52NTU. The trends did not show any turbidity spikes in the failure wedkse
maximum recorded in the five month dataset was 225.00,Nwrich shows that the
Raw water turbiditieshat were effective during the failure weeks wezhatively low.
These results show Rawoldorms, E. coli noncoliforms and C. perfringens
consistently correlated with Raw turbidity and that corietestwith coliforms persisted
through Settlement Tanks A and D and Filter Blocks ABC ananD that time lags

were derived for Final coliformsa noncoliforms

6.3.1.7. Raw water pH crossrrelations
There were 342 crosrrelations conducted on both the spainpled and monitor raw
water pH. For spesampled pH, 321 correlations were positive and between 0 amd 24
and for monitor pH, 320rosscorrelations met the criterial dble 15). Most of the

results were for @ from both sets of result$gble18a andAppendix 3.

Time lags were observed from the spampled pH dataset for the following parameters
from the five month dataset: Raw turbidity, 17.3 h; Settlement TaBkd®li, 3.9 h and
non-coliforms, 6.1 h; Filter Block D turbidity, 10.9 h and Final monitor turbidity, 7.4 h.
During the week of the Enterococcus failure, a time lag was observed between Raw
spotsampled pH and Contact Tank HPC37, 23.7 h and over the period thfirith 1L
coliform detection, a time lag was observed with GAC Filter coliforms, 0.6 h. The time
lags observed from the pH monitor dataset were for: Settlement Tank D turbidity,
16.4h from the five month dataset; Settlement Tank.&oli, 1.6h and Tak C E. coli,

3.3 h from the week of the Enterococcus failure; and during the week of the third 1
coliform detection time lags were identified for GAC Filter coliforms, 0.Ehcoli,

15.0 h and nowoliforms, 17.9 h. With the exception of these times|atpe two pH
datasets show similar results. The presence of GAC Filter coliforms from both sets of
crosscorrelations is interesting; however, the time lags are shorter than would be

required for water to be treated to this stage.
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6.3.1.8. Raw water teperature crossorrelations
There were 299 applicable raw water temperature results from 342corosktions
(Table15). The majority of crosgorrelations showed agreement across the five failure
weeks (Appendix 2). This included bacterial and chemical parameters. dfitse
results were 0 h, but several time lags were obseivatol€ 18b). From the five month
dataset, there was a lag between a change in the Raw water temperature and Filter Block
D turbidity of 17.2 h; Contact Tank turbidity, 11.6 h and Balance Tank turbidity, 4.0 h.
During theweek of the coliform failure, Settlement Tank B had time lags of 9.5 h and
10.3 h forE. coli and nonrcoliforms, respectively; 9.8 for Tank DE. coli; and 6.2h
for Filter Block D turbidity.

6.3.1.9. Settlement Tank coliform cressrrelations
There wee 222 crosorrelations conducted on coliform data from each Settlement
Tank. From Tank A, 147 produced results that were both positive and between 0 and
24h (Table 15). The bacteriological parameters that consistently met the selection
criteria in crosscorrelations with Tank A coliforms were: Tank B coli and non
coliforms; and Filter Block ABC coliforms anH. coli (Appendix 2). Several of the
results alsdadviable time lags: during the week of the coliform failure, there was a lag
of 23.4h between changes in thettded coliform count and Final coliform3dble19).
In the dataset for the first L1 coliform detection, there were lags with GAC Filter
coliforms, 4.6 h,E. coli 11.4 h and nowoliforms, 2.4h; and Final 1L coliforms,
23.8h. The trend dta show that Settlement Tank A coliforms peak and decline
approximately one day before thdietectionin the Final water. During the week of the
second 1 coliform failure, time lags were observed for Balance Tank turbidity, 9.4 h
and Final 1L non-coliforms, 23.7 h. These results suggest a relationship between
Settlement Tank A coliforms and coliforms in the Final water; however, the time lags
are approximately three times the time required to treat water to this stage.

There were 131 Settlement TankcBliform crosscorrelations that met the selection
criteria (Table 15). Consistently applicable bacteriological results were observed with
Filter Block ABC coliforms (Appendix 2) antlO crosscorrelationshad viable time lags
(Table20). In the full five month and the firstll coliform datasets, iRal 1L coliforms

were affected by Tank B coliforms with a time lag of 23.4 h. The trend for the week of
the first 1L coliform detection shows that Settlement Tank B coliforms peak and
decline approximately one day before thastectionin the Final wagr. In this dataset,
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there were also time lags for GAC Filter coliforms, 7.4Eh,coli, 7.0 h, and non
coliforms, 5.2 h, and for Final flow, 22 and Final free and total chlorine, 10.2 h and
10.6 h, respectively. This set of results indicates a lietewben Settlement Tank B
coliforms and coliforms irthe Final water. As with Settlement Tank A, the time lags

were longer than the time requirexfully treat water.

Settlement Tank C coliforms produced 145 results between 0 andTable 15). The
bacteriological parameters that correlated with Tank C colif@onsss all five failure
weeks were Tank C nowoliforms and Filter Block ABC coliforms ané. coli
(Appendix 2).Several ofthe correlation results hadable time lags Table21). In the

five month dataset, changes in Tank C coliforms occurred before those in the following
parameters: Tank €. coli, 7.0h and turbidity, 9.3 h; Filter Block ABE. coli, 5.6 h;

and Balance Tank turbidity, 6.7 h. During the week of the coliformriailbere was a

time lag between Settlement Tank C coliforms and coliforms in the Final water of
20.2h. Likewise, Final 1 L coliforms were also correlated with Tank C coliforms, with

a lag of 23.6 in the week of the first IL coliform failure. In the sam dataset, Tank C
coliforms correlated with GAC Filter coliforms, 7.7, coli, 86 h, and nofcoliforms,

5.3 h; Rnal flow, 8.1 h and free and total chlorine, 11.1 h and 11.0 h, respectively.
During the week of the second.1coliform failure, SettlemenTank C coliforms had
viable time lags with: Balace Tank turbidity, 11.5 h andiral 1 L noncoliforms,

23.7h and turbidity, 2.9 h. It can be seen that coliforms in the water leaving Settlement
Tank C were correlated with coliforms in the Final waterbbth instances, Tank C
coliforms peak and decline ahead of the detection in the Final water; but the time lags

are longer than those required for full treatment of water.

Settlement Tank D coliform cros®rrelations resulted in 137 analyses that met th
selection criteria {able 15). Consistent correlations were observed across the failure
weeks for Tank D coliformsvith Tank D noncoliforms and Filer Block D coliforms
andE. coli (Appendix 2).Eight of the crosscorrelations had time laggeater than 0 h
(Table22). From the five month datasethangs in Tank D coliforms occurred 2.8 h
before those in Tank B. coli, for Contact Tank turbidity there was a lag of 12.8nd

for Balance Tank turbidity, 12.3 h. During the week of the coliform failure, there was a
time lag of 21.8 h with Final cibbrms. The first 1L coliform dataset showed time lags
with Final free and total chlorine, 11.2 h and 10.6 h, respectively. During the week of

the second L coliform detection, there were time lagsthwBalance Tank turbidity,
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3.6h and Final 1L non-coliforms, 23.7 h. Once more, Final coliforms feature in the
outputs from Settlement Tardoliform crosscorrelations, and again show a peak and
decline approximately one day before their detection in the Final water.

6.3.1.10. Settleent TankE. colicrosscorrelations

There were 222 crossrrelations conducted da colidata from each Settlement Tank.
From Tank A, 131 generated applicable results thexewboth positive and between
Oand 24 h; of which three were greater than Orable 19). The majority of cross
correlations for Settlement Tank B. coli were for O h, but 14 produced viable time
lags (Table 20). The crossorrelations conducted with Settlement TankEC coli
yielded 132 results that were both positive and between 0 and 24 h. Viable time lags
were identified fo data from the three L1 coliform detections Table 21). The cross
correlations based on Settlement TankED coli yielded 127 results meeting the

sekection criteria, of which 13 had viable time lagslfle22).

Settlement Tank AE. coli achieved consistent correlations with the following
bacteriolgical parameters: Tank A coliforms and aasliforms; and Filter Block ABC
coliforms, E. coliand noncoliforms (Appendix 2). Settlement TankE coli correlated

with Final coliforms during the week of the coliform failure, 23.4Tal{le 19). The
trends showed that approximately a day before the regulatory coliform fatureli
numbers peaked and declined. This finding echoes those of coliforms from this

treatment stage.

The following parameters had time lags that met the selection criteria across all failure
weeks from crossorrelations with Settlement Tank B. coli. Tank B coliforms and
non-coliforms; and Filter Block ABC coliforms and. coli (Appendix 2).In the five
month datasetyiable time lags were observed f®ettlement Tank E. colix Tank B
coliforms, 1.3 h and Filter Block ABE. coli, 0.1 h(Table20). During the week of the

first 1L coliform detection, time lags were observed with Tank B coliforms, 5.3 h;
GAC Filter coliforms, 16.7 h and nesoliforms, 9.8h; and Contact Tank HPC37,
10.2h. A time lag was also observed for the secohdcbliform failure between Tank

B E. coliand Final 1L non-coliforms, 23.7 hThese data show a link betweesttked

E. coli and coliforms and other microbiological parameters both at this treatment stage
and from downstream processes. The trends show that numitereotifand coliforms

increased during the week of the coliform failure; and they both decreased during the
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week of the first 1L coliform detection. The numbers Bt coliwere 1.5/ 3 orders of
magnitude smaller than those for coliforms. It is therefore toprexble as to whether
E. coli impacted coliforms instead of the reverse. However, Final coliforms were not

impacted by changes B colifrom Settlement Tank B.

Table 19: Settlement Tank Acrosscorrelations where at least one of the results had a time lag >0
Shaded results highlight applicable crossorrelations with Final coliforms or Final 1 L coliforms.

Parameter 1 Parameter 2 5 months CO EN CO1L(1)CO1L(2)CO 1L (3
ASettCO GACCO - - 0.0 4.6 0.0 -
ASettCO GACEC - - - 114 - -
ASettCO GACNC - - 0.0 2.4 - -
ASettCO BALTurb - 0.0 0.0 0.0 9.4 0.0
ASettCO FINCO - 234 - - - -
ASettCO FINCO1L - - - 23.8 - -
ASettCO FINNC1L - - - - 23.7 -
ASettEC FINCO - 23.4 - - - -
ASettEC FINFreeCL - 0.0 0.0 214 0.0 0.0
ASettEC FINTotalCL - 0.0 0.0 20.0 0.0 0.0
ASettNC ASettCO 13.0 0.0 0.0 0.0 0.0 0.0
ASettNC ASettEC 5.7 0.0 0.0 0.0 0.0 0.0
ASettNC ASettpH 4.5 0.0 0.0 0.0 0.0 0.0
ASettNC ABCFiltCO 2.0 0.0 0.0 0.0 0.0 0.0
ASettNC ABCFiltEC 19.9 0.0 0.0 0.0 0.0 0.0
ASettNC ABCEFiltTurb 13.5 0.0 0.0 0.0 0.0 -
ASettNC ABCFiltpH 4.2 0.0 0.0 0.0 0.0 0.0
ASettNC GACpH 4.8 0.0 0.0 0.0 0.0 0.0
ASettNC CONFreeCL 11.5 0.0 0.0 0.0 0.0 0.0
ASettNC CONTurb 9.1 0.0 0.0 0.0 0.0 0.0
ASettNC CONpH 4.9 0.0 0.0 0.0 0.0 0.0
ASettNC CONTotalCL 11.5 0.0 0.0 0.0 0.0 0.0
ASettNC BALFreeCL 2.1 0.0 0.0 0.0 0.0 0.0
ASettNC BALTurb 7.7 0.0 0.0 0.0 0.0 0.0
ASettNC BALpH 3.7 0.0 0.0 0.0 0.0 0.0
ASettNC BALTotalCL 3.8 0.0 0.0 0.0 0.0 0.0
ASettNC FINCLMon 4.5 0.0 0.0 0.0 0.0 0.0
ASettNC FINFreeCL 0.5 0.0 0.0 0.0 0.0 0.0
ASettNC FINpH 4.7 0.0 0.0 0.0 0.0 0.0
ASettNC FINTotalCL 1.5 0.0 0.0 0.0 0.0 0.0
ASettTurb  ASettEC 0.0 0.0 7.5 - 0.0 0.0
ASettTurb  GACCO - 0.0 0.0 - 0.0 5.7
ASettTurb  GACEC - - - - - 13.7
ASettTurb  GACNC - 0.0 0.0 - - 9.9
ASettTurb  FINNCI1L - - - - 23.7 -
ASettpH ASettEC 0.0 0.0 0.6 0.0 0.0 0.0
ASettpH GACCO 0.0 - 0.0 0.0 0.0 0.2
ASettpH GACEC - - - - - 4.2
ASettpH GACNC - - 0.0 0.0 16.6 4.5
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Table 20: Settlement Tank Bcrosscorrelations where at least one of the results had a time lag >0 h.
Shaded results highlight applicable crosgorrelations with Final coliforms or Final 1 L coliforms.

Parameter 1 Parameter 2 5 months CcO EN CO1L(1)CO1L(2)CO 1L (3
BSettCO GACCO - - 0.0 7.4 0.0 -
BSettCO GACEC - - - 7.0 - -
BSettCO GACNC - - 0.0 5.2 - -
BSettCO BALTurb 0.0 0.0 0.0 0.0 7.7 0.0
BSettCO FINFlow - - - 22.4 0.0 0.0
BSettCO FINCO1L 23.4 - - 23.4 - -
BSettCO FINNC1L - - - - 23.7 -
BSettCO FINFreeCL - 0.0 0.0 10.2 0.0 0.0
BSettCO FINTotalCL - 0.0 0.0 10.6 0.0 0.0
BSettEC BSettCO 1.3 0.0 0.0 5.3 0.0 0.0
BSettEC BSettTurb 9.5 0.0 0.0 11.1 0.0 0.0
BSettEC ABCFiltEC 0.1 0.0 0.0 0.0 0.0 0.0
BSettEC GACCO - - 0.0 16.7 - -
BSettEC GACNC - - 0.0 9.8 - -
BSettEC CONHPC37 - - - 10.2 - -
BSettEC BALTurb - 0.0 - 0.0 11.6 0.0
BSettEC FINFlow - - - 10.3 0.0 0.0
BSettEC FINNC1L - - - - 23.7 -
BSettEC FINFreeCL - 0.0 0.0 20.5 0.0 0.0
BSettEC FINTurb - 0.0 0.0 0.0 3.0 0.0
BSettEC FINTotalCL - 0.0 0.0 19.0 0.0 0.0
BSettNC BSettCO 5.6 0.0 0.0 0.5 0.0 0.0
BSettNC BSettEC 10.6 0.0 0.0 0.0 0.0 0.0
BSettNC BSettTurb 15.7 0.0 0.0 0.6 0.0 -
BSettNC ABCFiltCO 7.5 0.0 0.0 0.0 0.0 0.0
BSettNC ABCFiltEC 6.0 0.0 0.0 0.0 0.0 0.0
BSettNC GACCO - - 0.0 11.1 - -
BSettNC GACEC - - - 15.0 - -
BSettNC GACNC - - 0.0 6.8 - -
BSettNC GACpH 1.8 0.0 0.0 0.0 0.0 0.0
BSettNC CONFreeCL 9.0 0.0 0.0 0.0 0.0 0.0
BSettNC CONTotalCL 9.5 0.0 0.0 0.0 0.0 0.0
BSettNC BALTurb 12.6 0.0 0.0 0.0 7.1 0.0
BSettNC BALTotalCL 2.4 0.0 0.0 0.0 0.0 0.0
BSettNC FINFlow - - 0.0 1.0 0.0 0.0
BSettNC FINCO1L - - - 23.4 - -
BSettNC FINNC1L - - - - 23.7 -
BSettNC FINFreeCL 34 0.0 0.0 12.0 0.0 0.0
BSettNC FINpH 0.1 0.0 0.0 0.0 0.0 0.0
BSettNC FINTotalCL 3.7 0.0 0.0 11.2 0.0 0.0
BSettTurb  BSettCO 0.0 0.0 0.0 0.0 0.0 10.2
BSettTurb  ABCFIltEC - 0.0 0.0 0.0 0.0 9.8
BSettTurb  GACCO - - 0.0 0.0 - 4.3
BSettTurb  GACEC - - - 6.2 - 15
BSettTurb  GACNC - 0.0 0.0 0.0 - 6.8
BSettTurb  CONTurb 3.4 0.0 0.0 0.0 0.0 0.0
BSettTurb  BALCO 0.4 - - - - -
BSettTurb  BALTurb 0.4 0.0 0.0 0.0 0.0 0.0
BSettTurb  FINCOL1L - - - 23.4 - -
BSettTurb  FINNC1L - - - - 23.7 -
BSettpH GACCO 0.0 0.0 0.0 0.0 0.0 0.4
BSettpH GACEC - - - - - 3.6
BSettpH GACNC - 0.0 0.0 0.0 0.0 5.5
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Table 21: Settlement Tank Ccrosscorrelations where at least one of the results had a time lag >0
Shaded results highlight applicable crosgorrelations with Final coliforms or Final 1 L coliforms.

Parameter 1 Parameter 2 5 months CO EN CO1L (1) CO1L(2) CO1L (3
CSettCO CSettEC 7.0 0.0 0.0 0.0 0.0 -
CSettCO CSettTurb 9.3 0.0 0.0 0.0 0.0 0.0
CSettCO ABCEFiltEC 5.6 0.0 0.0 0.0 0.0 0.0
CSettCO GACCO 0.0 0.0 7.7 -
CSettCO GACEC - - 8.6 -
CSettCO GACNC - 0.0 5.3 -
CSettCO BALTurb 6.7 0.0 - 0.0 11.5 0.0
CSettCO FINFlow - 0.0 8.1 0.0 0.0
CSettCO FINCO 20.2 - - -
CSettCO FINCO1L - - 23.6 -
CSettCO FINNC1L - - - 23.7 -
CSettCO FINFreeCL 0.0 0.0 111 0.0 0.0
CSettCO FINTurb 0.0 0.0 0.0 2.9 0.0
CSettCO FINTotalCL 0.0 0.0 11.0 0.0 0.0
CSettEC CSettCO 0.0 0.0 0.0 0.0 18.9
CSettEC CSettNC 0.0 0.0 0.0 0.0 16.4
CSettEC ABCFiltEC 0.0 0.0 0.0 0.0 0.0 20.6
CSettEC ABCFiltNC 0.0 - 0.0 0.0 2.9
CSettEC BALTurb 0.0 0.0 - 0.0 8.1 0.0
CSettEC FINFlow - - 9.0 0.0 0.0
CSettEC FINNC1L - - - 23.7 -
CSettEC FINFreeCL 0.0 0.0 20.7 0.0 0.0
CSettEC FINTotalCL 0.0 0.0 19.4 0.0 0.0
CSettNC BALTurb 4.9 0.0 0.0 0.0 11.4 0.0
CSettNC FINNC1L - - - 23.7 -
CSettNC FINFreeCL 0.0 0.0 0.0 14.9 0.0 0.0
CSettNC FINTurb 0.0 0.0 0.0 0.0 15 0.0
CSettNC FINTotalCL 0.0 0.0 0.0 13.9 0.0 0.0
CSettTurb  CSettEC 0.0 0.0 12.3 0.0 0.0 0.0
CSettTurb  CONHPC37 - 235 - -
CSettTurb  FINNC1L - - - 23.7 -
CSettpH CSettEC 0.0 0.0 2.4 0.0 0.0 0.0
CSettpH GACCO 0.0 0.0 0.0 0.0 0.0 0.3
CSettpH GACEC - - - 12.7
CSettpH GACNC 0.0 0.0 0.0 0.0 10.4
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Table 22: Settlement Tank Dcrosscorrelations where at least one of the results had a time lag >0 t
Shaded results highlight applicable crosgorrelations with Final coliforms or Final 1 L coliforms.

Parameter 1 Parameter 2 5 months CcO EN CO1L(1)CO1L(2)CO 1L (3
DSettCO DFiltEC 2.8 0.0 0.0 0.0 0.0 0.0
DSettCO CONTurb 12.6 0.0 0.0 0.0 0.0 0.0
DSettCO BALTurb 12.3 0.0 0.0 0.0 3.6 0.0
DSettCO FINCO - 21.8 - - - -
DSettCO FINNC1L - - - - 23.7 -
DSettCO FINFreeCL - 0.0 0.0 11.2 0.0 0.0
DSettCO FINTotalCL - 0.0 0.0 10.6 0.0 0.0
DSettEC DSettCO 7.3 10.6 0.0 0.0 0.0 0.0
DSettEC DFiltCO 3.9 0.0 0.0 0.0 0.0 0.0
DSettEC DFiltEC 12.8 0.0 0.0 0.0 0.0 0.0
DSettEC GACNC - - 0.0 4.3 - -
DSettEC CONFreeCL 4.5 0.0 0.0 0.0 0.0 0.0
DSettEC CONTurb - 0.0 0.0 0.0 8.1 0.0
DSettEC CONTotalCL 3.7 0.0 0.0 0.0 0.0 0.0
DSettEC BALTurb - 0.0 - 0.0 16.0 0.0
DSettEC BALpH 1.7 0.0 0.0 0.0 0.0 0.0
DSettEC FINCO - 21.8 - - - -
DSettEC FINNC1L - - - - 23.7 -
DSettEC FINTurb - 0.0 0.0 0.0 12.8 0.0
DSettNC DSettCO 4.2 0.0 0.0 0.0 0.0 0.0
DSettNC DSettEC 4.5 0.0 0.0 0.0 0.0 0.0
DSettNC CONHPC37 - - - 22.8 - -
DSettNC CONTurb 18.4 0.0 0.0 0.0 0.0 0.0
DSettNC BALTurb 8.9 0.0 0.0 0.0 4.0 0.0
DSettNC FINNC1L - - - - 23.7 -
DSettNC FINFreeCL 0.0 0.0 0.0 11.2 0.0 0.0
DSettNC FINTotalCL 0.0 0.0 0.0 10.2 0.0 0.0
DSettTurb  DSettCO 2.9 0.0 0.0 0.0 0.0 0.0
DSettTurb  DFiltCO 0.0 0.0 3.1 0.0 0.0 0.0
DSettTurb  DFiltTurb 7.0 0.0 0.0 0.0 0.0 0.0
DSettTurb  CONTurb 13.5 0.0 0.0 0.0 0.0 0.0
DSettTurb  BALTurb 14.1 0.0 0.0 0.0 0.0 0.0
DSettTurb  FINCO - 21.8 - - - -
DSettTurb  FINCO1L - - - 22.2 - -
DSettTurb  FINNC1L - - - - 23.7 -
DSettpH DFiltTurb 11.6 0.0 0.0 0.0 0.0 0.0
DSettpH GACCO 0.0 0.0 0.0 0.0 0.0 0.1
DSettpH GACEC - - - - - 5.6
DSettpH GACNC - 0.0 0.0 0.0 21.6 4.9
DSettpH FINCO1L - - - - - 23.0

134



Settlement Tank &. coli achieved consistent results across the fanueeks for the
following bacteriological parameters: Tank C coliforms and-ooliforms; Filter Block
ABC coliforms ancE. coli (Appendix 2). Tank . coliachieved a viable time lag with
Final 1 L noncoliforms, 23.7 h during the week of the second ddliform failure
(Table21). The third 1L coliform detection resulted in the following time lags: Tank C
coliforms, 18.9 h and necoliforms, 16.4h; and Filter Block ABCE. coli, 20.6 h and
noncoliforms, 2.9 h.E. coli counts were again noted to impact settled coliforms and
other bacteriological results, but not Final coliformie trend showed that coliform

numbers increased more rapidly affercol numbers peaked and entered a decline.

Crosscorrelations foiSettlement Tank . coli achieved consistent results for the five
failure weeks for the following bacteriological parameters: Tank D coliforms and non
coliforms and Filter Block D coliforms an&. coli (Appendix 2). Several of the
correlationsresulted in viable time laggank D coliforms, 7.3 hand Filter Block D
coliforms, 3.9 h anc. coli, 12.8 h from the five month datag@able22). These time
lags do not tally with théime it would take for water to be treated to these various
stages, but theyndicate a relationship betweeretteed E. coli and the other
bacteriological parameters. During the week of the coliform failure, there were
correlations with Settlement Tank &@liforms, 10.6 h and Final coliforms, 21.8 h. As
with Settlement Tank A, Tank . coli and coliforms peaked and entered a decline
approximately a day before the regulatory coliform detection. Seflecbli results
were an order of magnitude snealthan settled coliform counts, again calling into
question whethek. coli did affect coliforms or whether the reverse was the case. Tank
D E. coliimpacted GAC Filter nowoliforms with a time lag of 4.3 h during the week
of the first 1L coliform failure. Inthe week of the secondLlcoliform detection there

were correlations with Final L non-coliforms, 23.7 h.

6.3.1.11. Settlement Tank naoliform crosscorrelations
There were 222 crosrrelations conducted on napliform results from each
Settlement Tank. From Settlement Tank A, 147 were both positive and between 0 and
24 h and 20 of these had viable time lapsble19). From Settlementank B, 143 non
coliform crosscorrelations met the selection criterigable20). The majority of the 222
crosscorrelations conducted on Settlemédrdnk C norcoliforms met the selection
criteria and six resulted in viable time laggable 21). Of the 222 crossorrelations
with Settlement Tank Don-coliforms, 143 met the selection criterieaple22).
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The bacteriological parameters with crassrelation results for Settlement Tank A
noncoliforms that consistently met the selection criteria were: Tank A coliforms and
E. coli and Filter Block ABC coliformsE. coliand norcoliforms (Appendix 2). Viable

time lags forTank A noncoliforms were all derived from the full five month dataset; of
especial interest are the time lags for: Tank A coliforms, 13.0 hkamdli, 5.7 h; ABC

Filter Block coliforms, 2.0 h an#. coli, 19.9 h Table19). Whilst these results suggest

an impact between Tank A na@oliforms and other bacteriological parameters, the time
lags for all of these are longer than required for water treatment to their respective

stages. There were no correlations with Final wateéfocois.

Bacteriological parameters that consistently achieved results that met the selection
criteria for crossorrelations with Settlement Tank B noaliforms were: Tank B
coliforms andE. coli and Filter Block ABC coliforms,E. coli and nonrcoliforms
(Appendix 2).There were a number of viable time lags from Settlement Tank B non
coliforms. Of note from the full five month dataset are the time lags for: Settlement
Tank B coliforms, 5.6 h anH. coli, 10.6h; and Filter Block ABC coliforms, 7.5 h, and

E. coli, 6.0 h Table 20). During the week of the first L coliform failure, Settlement

Tank B noncoliforms changed ahead of the following paramet€esik B coliforms,

0.5h; GAC Filter coliforms, 11.1 hE. coli 15.0 h and nowoliforms, 6.8 h; and Final

1L coliforms, 23.4h. The time lag between Settlement Tank B-noliforms and Final

1L coliforms is, aswith settled coliforms andE. coli, longer than is required for water

to be treated to this stage, but it does indicate a relationship between these parameters.
A viable time lag resulted from the cressrrelation between Settlement Tank B nion
coliforms and Final 1 non-coliforms, 23.7 hfor the week of the third IL coliform

failure.

The five failure weeks yielded applicabbacteriologicalcrosscorrelation results for
Settlement Tank C necoliforms with: Tank C coliforms and Filter Block ABC
coliforms, E. coli and nonrcoliforms (Appgendix 2).Settlement Tank C necoliforms
correlated with Final neroliforms, 23.7 h, during the week of the secoridcbliform
failure (Table21).

Settlement Tank D had results that met the selection criteria across the five failure
weeks for crossorrelations with the following bacteriological parameters: Tank D
coliforms and E. coli and Filter Block D coliforms,E. coli and nonrcoliforms
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(Appendk 2). Of interest from the results of Settlement Tank D-noliforms are the
time lags with Tank D coliforms, 4.2 h aldcoli, 4.5 h from the five month dataset;
Contact Tank HPC37, 22.8 h from the first Toliform failure; and Final L non
coliforms, 23.7 h from the week of the second toliform detection Table22). These
results corroborate the inteonnectedness of the bacteriological paranseat the
Settlement Tank stage of treatment. Only the results from Tank Boldorms were
linked with Final coliforms.

6.3.1.12. Settlement Tank turbidity cressrelations
There were 222 crosorrelations conducted on results for Settlement Tanbdity
(Table 15). From Tank A, 153 had results that were both positive and between 0 and
24 h (Table19); 154 qualified from Tank BTable 20); 146 from Tank CTable 21);
and 160 from Tank DTable22).

Of the resultsthat consistently met the selection criteria across the failure weeks for
crosscorrelations with Settlement Tank A turbidity, the following are highlighted: Tank
A coliforms, noncoliforms and pH; Filter Block ABC coliforms, nesoliforms,
turbidity and pH; and Final monitor and sgampled turbidities (Appendix 2puring

the week of the Enterococcus failure, changes in Settlement Tank A turbidity occurred
7.5 h ahead of changes to TankEA coli (Table 19). The week ofthe second L
coliform failure resulted in a time lag of 23.7 h for Tank A turbidity x Final nhon
coliforms. The week of the third L1 coliform failure showed time lags thi the three
GAC Filter bacteriological parameters as follows: coliforms, 5.E.lepli, 13.7 h; and
noncoliforms, 9.9 h. Settled turbidity impactbacteriological qualityat this treatment
stage and in the RGF Filters

Selected results that showed s@tent time lags between 0 and 24 h with Settlement
Tank B turbidity were: Tank B coliforms and pH; Filter Block ABC coliforris,coli,
noncoliforms, turbidity and pH; Contact Tank and Balance Tank turbidity; and Final
monitor and spotsampled turbiditfAppendix 2).The five month dataset showed that
Settlement Tank B turbidity resulted in viable time lagthwContact Tank turbidity,
3.4h and Balance Tank coliforms, 0.4 Thable 20). The Contact Tank time lag is
shorter than the 4104.5 h required between Settlement and Contact Tanks. In the week
of the first 1L coliform failure, the resulting lags were for GAC Filte. coli, 6.2 h and

Final 1L coliforms, 10.2 h. The trend data show that turbidity was in decline at the time
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lag with 1L coliforms. Final 1L non-coliforms produced a viable time lag of 23.7 h in
the dataset for the secondL lcoliform failure. Duringthe week of the third L
coliform detection, the time lags were for: Tank B coliforms, 10.Bilter Block ABC

E. coli, 9.8 h; and GAC Filtecoliforms, 4.3 hE. coli, 1.5 h and noieoliforms, 6.8 h.

Of note from the parameters that exhibited consistelationships with Settlement
Tank Cturbidity across the five failure weeks were: Settlement Tank C and Filter Block
ABC coliforms, E. coli, nontcoliforms and pH; Filter Block ABC turbidity; Contact
Tank and Balance Tank turbidities; and Final mondod spotsampled turbidities
(Appendix 2).0Only three of thequalifying results for Settlement Tank C turbidity were
greater than 0 hT@ble21). In the dataset for the Enterococcus failure, Tank C turbidity
correlated with Tank &. coli, 12.3 h and Contact Tank HPC37, 23.5 h and during the
week of the second L1 coliform failure, there was a viable time lag with Final 1
coliforms, 23.7 h. As mentiodepreviously, the time lag with Final L1 coliforms is
longer than the time required to treat water between Settlement and Final stages, but it
indicates thathere is a relationship betweeettded turbidity and Final bacteriological

quality.

The majoriy of Settlement Tank D turbidity croserrelations showed agreement
across the five failure weeks. Of note were those with: Tank D coliforms;aidorms

and pH; Filter Block D coliformsE. coli, norrcoliforms, turbidity and pH; GAC Filter
coliforms am pH; Contact Tank and Balance Tank turbidity; and Final monitor and
spotsampled turbiditiegAppendix 2) Final coliforms were found to have viable time
lags with Settlement Tank D turbiditydble 22). These were from the weeks of the
coliform failure, 21.8 h and the firstLl1coliform detection, 22.2 h. Several other time
lags were observed. From the full five month dataset, there were viabl&agmeith
Tank D coliforms, 2.9 h; Filter Block D turbidity, 7.0 h; Contact Tank turbidity, 13.5 h
and Balance Tank turbidity, 14.1 h. During the week of the Enterococcus failure there
was a time lag with Filter Block D coliform8.1 h. The dataset for éhsecond 1L
coliform detectioryielded a time lag of 23.7 ketween Settlement Tank D turbidity and

Final 1L non-coliforms

6.3.1.13. Settlement Tank pH cressrelations
A total of 222 croszorrelations were conducted on pH data from each of the
Settlement TanksT@able 15). Most of the results fromTank A were positive and
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between 0 and 24 hréble 19). Settlement Tank B yielded 159 results that met the
selection criteria and almost all of these had 0 h time [Bajsl€20). Settlement Tanks
C and D showed similar propensitidable21 andTable22).

Four of the pH results from Settlement Tank A produced viable time(Tadde 19).
These all related to GAC Filter bacteriological parameters.-¢dtiforms during the
second 1L coliform failure were affected 23.7 h after changes in Tank A pH. During
the week of the third L coliform detection, all three bacteriological parameters
resulted in viable time lags: coliforms, 0.2 B; coli, 4.2 h and nowoliforms, 4.5 h.
Whilst most results from these cressrrelations were in agreement across the five
failure weeks, the GACFilter bacteriological parameters were notably inconsistent
(Appendix 2). These results show that Settlement Tapkl Aadvariable impacts upon

the wateborne bacteria.

Settlement Tank B pH affected the three bacteriological parameters from the GAC
Filters during the week of the thirdL1coliform detection: colifoms, 0.4 h,E. coli,

3.6h and norcoliforms, 5.5 h Table20). As with Settlement Tank A, Tank B pH had
differing effects upon the GAC Filter bactdagical parameters across the five failure
weeks: inconsistent results for GAC Filter coli, but full agreement for coliforms and

nortcoliforms (Appendix 2).

During the week of the Enterococcus failure, changes in Settlement Tank C pH occurred
2.4 h before those for TankE coli(Table21). In the datasdbr the third 1L coliform
detection, there were time lags with the three bacteriological parameters from the GAC
Filters: coliforms, 0.3 hE. coli, 12.7h; noncoliforms, 10.4h. Appendix 2 shows that

GAC FilterE. coliperformed similarly in Tank @ndTank B.

The majority of results for Settlement Tank D pH were in agreement across the five
failure weeks. As for Tanks B and &. coli results differed in being impacted
inconsistently by pH; similarlyl L coliforms were not affected across all failuveeks
(Appendix 2).Settlement Tank [PH resulted in six viable time lag3able22). From

the five month dataset, Filter Block D turbidity responded to changes in Tank D pH,
with a lag of 11.6 h. The second.Xoliform detection identified a time lag with GAC
Filter noncadiforms, 21.6 h. During the week of the thildL coliform failure, there
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were time lags with: GAC Filter coliforms, 0.1 &, coli, 5.6 h and nowoliforms,
4.9h; and Final 1L coliforms, 23.0 h.

6.3.1.14. Filter Block coliform crossorrelations
Therewere 192 crossorrelations conducted on coliform data from Filter Blocks ABC
and D (Table 15). From Block ABC, 125 vyielded results that were botlsifpee and
between 0 and 24 A éble23). Block D yielded 124 applicable resul®aple24).

Bacteriological results for Filter Block ABColiforms showed agreement across the
five failure weeks for Block ABC parameters but not for processes beyond this
treatment stage (Appendix Filter Block ABC coliforms resulted in two viable time
lags [Table23). These were for Block ABE. coli from the five month dataset, 2.0 h
and GAC Filtelk. coli from the week of the first IL coliform detection, 21.1 h.

Consistent croseorrelation results were observed for Filter Block D coliforms and
Block D E. coli and GAC Filter coliforms, but not for any other bacteriological
parameters (Appendix 2kilter Block D had threeviable time lags Table 24). These

were for: Block DE. coli from the five month dataset, 0.5 h; Contact Tank HPC37
during the wek of the first 1L coliform detection, 18.0 h; and Final neaoliforms
during the week of the secondLl1coliform failure, 23.7h. These results show that
coliforms impact most of the other bacteriological parameters; although the time lags
for all exceptFilter Block D E. coliwere greater than the time required to treat water to
that stage.

6.3.1.15. Filter Blocke. colicrosscorrelations
There were 192 crosrrelations conducted dg. coliresults from Filter Blocks ABC
and D. The majority of results® both cases were positive and between 0 and 24 h
(Table23 andTable24).

Filter Block ABC E. coli showed consistent cressrrelations with Block ABC
coliforms, but with no other bacteriological parameters (AppendiX2g. viable time

lags of interest from Filter Block ABC were for: Final coliins from the five month
dataset and the week of the coliform failure, 13.9 h and 6.2 h, respecliablg23). It

takes approximately 3.0 h for water to pass from-pdstr Block to postContact Tank.

The time water spends in the Balance Tank and travelling to the sampling location is
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unknown. The time for the week of the coliform failure could be realistithErmore,
the week of the first L coliform failure returned lags for: GAC Filter coliforms, 13.3 h
and nonrcoliforms, 6.8 hwhilst the second L coliform detection recorded a time lag

with Final 1L non-coliforms, 23.7 h.

The five failure weeks a@tved consistent results for bacteriological crosselations
with Filter Block D E. coli for the following parameters: Block D coliforms and non
coliforms (Appendix 2). Time lags were identified between Filerck D E. coli and
Final coliforms: five nonth dataset, 16.9 h and the week of the coliform failure, 18.2 h
(Table 24). Other results of interest were for. GAC Filter coliforms, 10.4nd non
coliforms, 4.2 h and Contact Tank HPC37, 21.9 h, during the week of the first 1
coliform detection; and Final L non-coliforms, 23.7 h from the week of the second 1
coliform detection. As with the Settlement Tank resulis, fitered E. coli data sugest

a link with downstream and Final bacteriological quality.

6.3.1.16. Filter Block nowoliform crosscorrelations
The majority of the 192 crosrrelations conducted on naoliform data from Filter
Blocks ABC and D were both positive and betweem® 24 h Table23 andTable24).
Consistent beteriological results were identified for Blocks ABC and D with coliforms
andE. coli; Block D noncoliforms also showed agreement across the failure weeks for
GAC Filter coliforms (Appendix 2). No consistent relationships with bacteriological
data were idntified beyond the GAC Filters.

Final 1L coliforms feature twice in the time lags derived from crosselations with

Filter Block ABC noncoliforms (Table23). These were found in the weeks of the first
and third 1L coliform failures: 22.0 h and 0.1 h, respectively. There were time lags
derived for other bacteriological parameters. From the five month dataset, Block ABC
coliforms lagged behind necoliforms by 0.9 h. It takesapproximatelyan hour for
water to be treated by the Filters, so this time lag is possible. During the week of the
coliform detection, Filter Block ABC noenoliforms impacted Final HPC37, 21.0 h. The
week of the Enterococcus failure sawirme lag with Block ABCE. coli of 10.1 h.
During the week of the secondLlcoliform detection, Final nowgoliforms were
impacted 23.7 h after a change in Filter Block ABC -“eohforms. Neither Final
coliforms nor Final 1 coliforms were impacted by Eer Block D noncoliforms
(Table24). There were several viable time lags with other bacteriological parameters,

141



including coliforms from Block D. Tése results suggest that Filter Block D behaved
differently to Block ABC.

Table 23: Filter Block ABC crosscorrelations where at least one of the results had a time lag >0 h.
Shaded results highlight applicable crosgorrelations with Final coliforms or Final 1 L coliforms.

Parameter 1 Parameter 2 5 months CO EN CO1L (1) CO 1L (2) CO1L (3
ABCFiltCO ABCFiltEC 2.0 0.0 0.0 0.0 0.0 0.0
ABCFiltCO GACEC - - - 21.1 -
ABCFItEC GACCO - - 0.0 13.3
ABCFIltEC GACNC - - 0.0 6.8 - -
ABCFiIltEC  BALTurb 0.0 0.0 0.0 0.0 10.2 0.0
ABCFiIltEC  FINCO 13.9 6.2 - - -

ABCFiIltEC  FINNC1L - - - - 23.7 -
ABCFiltEC  FINFreeCL - 0.0 0.0 9.8 0.0 0.0
ABCFiIltEC  FINTotalCL - 0.0 0.0 9.3 0.0 0.0
ABCFiltNC  ABCFiltCO 0.9 0.0 0.0 0.0 0.0 0.0
ABCFiltNC  ABCEFiltEC - 0.0 10.1 0.0 0.0 0.0
ABCFiltNC  BALTurb 19.7 0.0 0.0 0.0 0.0 0.0
ABCFiltNC  FINHPC22 - 21.0 - -

ABCFiltNC  FINHPC37 21.6 - - - - -
ABCFiltNC  FINCO1L - - - 22.0 - 0.1
ABCFiltNC  FINNC1L - - - - 23.7
ABCFiltNC  FINTurb 22.3 0.0 0.0 0.0 0.0 0.0
ABCEFiltTurb ABCEFiltCO 4.4 0.0 0.0 0.0 0.0 0.0
ABCEFiltTurb ABCFIltEC - 0.0 0.0 0.0 0.0 9.7
ABCEFiltTurb ABCEFiltNC 1.7 0.0 0.0 0.0 0.0 0.0
ABCEFiltTurb GACCO - - 0.0 - - 4.2
ABCEFiltTurb FINTurbMon 0.2 0.0 0.0 0.0 0.0 0.0
ABCFiltpH GACCO 0.0 0.0 0.0 0.0 0.0 0.2
ABCFiltpH GACEC - - - - - 3.4
ABCFiltpH GACNC - 0.0 0.0 0.0 22.4 3.9

6.3.1.17. Filter Block turbidity crossorrelations
There were 192 crossorrelations conducted on turbidity from the two Filter Blocks.
From Filter Block ABC, 121 results were both positive and between Q@4und(Table
23); Filter Block D yielded 112 result3 &ble24). There was broad agreement between
the failure weeks for both Filter Blocks (Appendix 2).

Results from the five month dataset showed that turbidity from Filter Block ABC
impacted Block ABC coliforms, 4.4 h and roaliforms, 1.7 h; andrinal monitor
turbidity, 0.2 h Table 23). During the week of the third L1 coliform detection, Filter
Block ABC affected Block ABCE. coli, 9.7 h and5AC Filter coliforms, 4.2 h.

Final 1L coliforms featured twice in the results from Filter Block D turbidity: during

the weeks of the first and thirdL1coliform failures: 22.0 h and 23.2 h, correspondingly

(Table24). In both cases, turbidity peaks and enters a decline at these tinteefags

the detection of the I coliforms. Whilst these time lags are longer than the time
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required to treat wat between the Filters and Final monitoring point, they suggest not
only that turbidity impacts coliform compliance, but also that Blocks ABC and D
behave differently. The other parameters impacted by Filter Block D turbidity were:
Block D coliforms, 4.3h and Contact Tank turbidity, OF from the full five month
datasetandFinal 1L non-coliforms, 23.7 h during the week of the secordcbliform
detection. GAC Filter bacteriological parameters all featured viable time lags during the
week of the thirdl L coliform failure: coliforms, 6.7 hE. coli, 7.3 h; and non
coliforms, 11.2 h. These results show that turbidity from the Filters affects downstream

turbidity and bacteriological quality.

Table 24: Filter Block D crosscorrelations where at least one of the results had a time lag >0 h.
Shaded results highlight applicable crosgorrelations with Final coliforms and Final 1 L coliforms.

Parameter 1 Parameter 2 5 months CcO EN CO1L(1)CO1L(2)CO1L (3
DFiltCO DFiltEC 0.5 0.0 0.0 0.0 0.0 0.0
DFiltCO CONHPC37 - - - 18.0 - -
DFiltCO FINNC1L - - - - 23.7 -
DFiltEC GACCO - - 0.0 10.1 0.0 0.0
DFiltEC GACNC - - 0.0 4.2 - -
DFiltEC CONHPC37 - - - 219 - -
DFiltEC BALTurb - 0.0 0.0 0.0 6.8 0.0
DFiltEC FINCO 16.9 18.2 - - - -
DFiltEC FINNC1L - - - - 23.7 -
DFiltNC DFiltCO 3.2 0.0 9.0 0.0 0.0 0.0
DFiltNC DFiltTurb 7.3 0.0 0.0 0.0 0.0 0.0
DFiltNC DFiltpH 6.0 0.0 0.0 0.0 0.0 0.0
DFiltNC CONHPC22 - - - - - 14.7
DFiltNC CONHPC37 - - - 5.7 - -
DFiltNC CONpH 16.9 0.0 0.0 0.0 0.0 0.0
DFiltNC BALTurb 8.1 0.0 0.0 0.0 0.0 0.0
DFiltNC FINHPC37 19.8 - - - - -
DFiltNC FINNC1L - - - - 23.7 -
DFiltNC FINTurb 6.5 0.0 0.0 0.0 0.0 0.0
DFiltTurb DFiltCO 4.3 0.0 0.0 0.0 0.0 0.0
DFiltTurb GACCO - - 0.0 0.0 - 6.7
DFiltTurb GACEC - - - 0.0 - 7.3
DFiltTurb GACNC - - 0.0 0.0 - 11.2
DFiltTurb CONTurb 0.5 0.0 0.0 0.0 0.0 0.0
DFiltTurb FINFlow 7.5 - 0.0 0.0 0.0 0.0
DFiltTurb FINCO1L - - - 22.0 - 23.2
DFiltTurb FINNCI1L - - - - 23.7 -
DFiltpH DFiltTurb 10.2 0.0 0.0 0.0 0.0 0.0
DFiltpH GACCO 0.0 0.0 0.0 0.0 0.0 0.2
DFiltpH GACEC - - - - - 0.3
DFiltpH GACNC - 0.0 0.0 0.0 - 1.0
DFiltpH CONHPC37 - - - 22.6 - -
DFiltpH FINCO1L - - - - - 23.2
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6.3.1.18. Filter Block pH crossorrelations
The 192 crossorrelations conducted opH data resulted in 132 results that were
positive and between 0 and 24 h from both Filter Block ABC and Blockdblé 23
and Table 24). There was broad agreement between the failure weeks for both Filter
Blocks (Appendix 2).

During the week of the third [L coliform detection, there was a viabimeé lag between
Filter Block D pH and Final L coliforms, 23.2 hTable24). At this time lag, the pH of

the water peaked and entered a gentle decread of the failure. Other results of
interest from the crossorrelations for Filter Block pH include the GAC Filter
bacteriological parameters, which were impacted by Blocks ABC and D pH values
(Table 23 and Table 24). The results indicate that @ihges in Filter Block pH impact

downstream bactefiogical quality and from Block D affects coliform compliance.

6.3.1.19. GAC Filter crossorrelations
There were 162 crosrrelations conducted on each of the GAC Filter parameters. The

majority of results were both positive and between 0 and Z4lhi€15).

GAC Filter coliforms yielded 87 results that met the selection criteria, and 21 of these
had viable time lagsT@ble 25). Final coliforms and Final IL coliforms feature in the
results for these correlations. During the week of the coliform failure, coliforms were
recorded 21.0 h after a change in GAC Filter coliforms; during the Ifitstoliform
failure, Final 1L coliforms occurred 21.8 h later. In both cases, the trend data show that
GAC Filter coliforms peaked and entered a decline at these time lags. GAC Filter
coliform crosscorrelations with GAC Filter nenoliforms returned mults during the
weeks of the coliform failure and the third_1coliform detection: 2.4 h and 22.8 h,
respectively.GAC Filter coliforms did not result in consistent correlations across the

five failure weeks with any downstream bacteriological param@gnsendix 2).

GAC Filter E. coliimpacted Final L coliforms during the weeks of the first and third
1L coliform detections: 21.8 h and 22.8 h, respectively. In both cases, Flnal 1
coliforms were detected after a peak in GAC Fikercoli; althoughthe counts never
exceeded 3 CFU 100 thl GAC Filter coliforms were also impacted by tEe coli
results: from the five month dataset, 2.7 h; during the week of the firstaliform
failure, 0.7 h; and during the week of the thirt @oliform detection4.8 h.
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Table 25: GAC Filter crosscorrelations where at least one of the results had a time lag >0 8haded
results highlight applicable crosscorrelations with Final coliforms and Final 1 L coliforms.

Parameter 1 Parameter 2 5 months CO EN CO 1L (1) CO1L (2) CO 1L (3
GACCO GACNC 0.6 24 0.0 - 0.0 -
GACCO CONFreeCL - 0.7 0.0 0.0 0.8 0.0
GACCO CONTurb - 5.3 0.0 0.0 8.7 -
GACCO CONpH 1.2 0.0 0.0 0.0 0.0 0.0
GACCO CONTotalCL - 1.0 0.0 0.0 1.3 0.0
GACCO BALTurb - 3.3 0.0 0.0 - 0.0
GACCO FINCLMon - 0.1 0.0 0.0 0.5 -
GACCO FINFlow - 4.0 0.0 17.3 0.0 0.0
GACCO FINTurbMon - 14.5 0.0 0.0 2.1 -
GACCO FINCO - 21.0 - - - -
GACCO FINCO1L - - - 21.8 - 22.8
GACCO FINTurb - 1.3 0.0 0.0 - 0.0
GACCO FINpH 2.7 0.0 0.0 0.0 0.0 -
GACEC GACCO - - - 0.7 - 438
GACEC GACNC 2.7 - - - - 0.0
GACEC CONFreeCL - - - - - 12.9
GACEC CONTurb - - - - - 11
GACEC CONTotalCL - - - - - 14.9
GACEC BALTurb - - - - - 0.5
GACEC FINCO1L - - - 21.8 - 22.8
GACEC FINTurb - - - - - 8.4
GACNC GACCO - - 0.0 0.4 0.0 31
GACNC GACEC - - - 0.2 - 0.0
GACNC CONHPC37 - - 215 - - -
GACNC CONTurb - 5.2 0.0 0.0 - 0.0
GACNC CONpH - 0.1 0.0 0.0 0.0 0.0
GACNC BALTurb - 0.5 0.0 0.0 - 0.0
GACNC BALpH 10.9 0.0 0.0 0.0 - -
GACNC FINCLMon - 1.3 0.0 0.0 - -
GACNC FINFlow - 0.3 0.0 17.2 3.4 -
GACNC FINCO1L - - - 21.8 - 22.8
GACNC FINTurb - 0.1 0.0 0.0 - 0.0
GACpH FINHPC22 - 4.8 - - - -
GACpH FINNCIL - 13.7 - - - -

GAC Filter noncoliforms achieved viable time lags with Final oliforms during the

first and third 1L coliform failures: 21.8 h and 22.8 h, respectivelalfle 25). In both
cases, GAC Filter nenoliforms peaked and entered a decline at the identified time
lags. Other results of interest include: a time lag of 21.5 h between GAC Filter non
coliforms am Contact Tank HPC37 during the week of the Enterococcus failure; GAC
Filter coliforms, 0.4 h and. coli, 0.2 h during the week of the firstL1coliform
detection; and GAC Filter coliforms, 3.1during the week of the third 1 L coliform

failure.
Therewere only two viable time lags from the 162 crossrelations of GAC Filter pH
(Table25). These were both found in the dataset fordbigorm failure and were for

Final HPC22, 4.8 h and neroliforms, 13.7 hGAC Filter pH consistently impacted
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GAC Filter coliforms, but not any other bacteriological parameters at this stage or

downstream locations (Appendix 2).

6.3.1.20. Contact Tank, Balance Taarid Final crossorrelations
Results from the Contact Tank, Balance Tank and Final stage exhibited variable
proportions of results that were both positive and between 0 andTzble(5). Cross
correlations conducted on Contact Tank data yielded 14 viable timeTagte ¢8);
there were five frm the Balance Tank stag@able 27) and 15 from the Final water
(Table26).

During the week of the coliform failure, the following parameters impacted Final
coliforms: Contact Tank turbidity, 20.9 h; Final monitor turbidity, 4.5 h; and Final 1
noncoliforms, 23.0 h. All of these parameters peaked entered a decline at the
identified time lags. During the week of the first. Icoliform failure, the following
parameters impacted FinalLlcoliforms: Balance Tank turbidity, 22.4 h and Final
monitor turbidity, 1.5 h. Both of these parameters pedkethe lead up to the [
coliform detection. The secondLlcoliform failure occurred 20.2 h after changes to the
Contact Tank total chlorine concentration, but the trends are unclear for total chlorine at
this time lag. During the week of the thirdL1coliform detection, the following
parameters impacted Finallcoliforms: Contact Tank turbidity, 22.8 h, free and total
chlorine, both 22.8; and Balance Tank turbidity, 23.4 h. All four parameters peak and
enter a decline at their respective time |ladsese results shothat peaks in turbidity at
these lattesstage in the treatment process impact coliform compliance at Strensham.
The range for the turbidity results was 0.060.27 NTU during the 1L coliform
failures the recorded peak during the éoftim failure was 2.00 NTU, but this is

believed to be spurious.

Contact Tank turbidity consistently impacted Balance Tank turbidity and Final monitor
turbidity (Table28). Final monitor turbidity and Final speampled turbidity correlated
with one another across all five failure weeks and vice vdrabl€ 26). Final monitor
turbidity was also related to monitor free chlorine and -spotpled total chlorine.
Interestingly, neither monitor free chlorine, nor spampled total chlorine correlated

with spotsampled free chlorine.
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Table 28: Contact Tank crosscorrelations whereat least one of the results had a time lag >0 h.
Shaded results highlight applicable crosgorrelations with Final coliforms or Final 1 L coliforms.

Parameter 1 Parameter 2 5 months CO EN CO 1L (1) CO 1L (2) CO 1L (3
CONHPC22 BALpH - - - - - 0.5
CONHPC37 BALTotalCL - - 22.3 - - -
CONHPC37 FINFlow - - - 11.6 - -
CONHPC37 FINpH 20.5 - - - - -
CONFreeCL FINCOI1L - - - - - 22.8
CONTurb  BALTurb 35 0.0 0.0 0.0 0.0 0.0
CONTurb  FINFlow 5.4 0.0 0.0 0.0 0.0 0.0
CONTurb  FINTurbMon 16.6 0.0 0.0 0.0 - 0.0
CONTurb  FINCO - 20.9 - - - -
CONTurb  FINCOI1L - - - - - 22.8
CONpH CONHPC37 - - - 22.1 -
CONpH FINTurbMon 4.5 0.0 0.0 0.0 0.0 0.0
CONTotalCL FINCOI1L - - - - 20.2 22.8

Table 27: BalanceTank cross-correlations where at least one of the results had a time lag >0 h.
Shaded results highlight applicable crosgorrelations with Final coliforms and Final 1 L
coliforms.

Parameter 1 Parameter 2 5 months CO EN CO1L (1) CO1L (2) CO1L (3
BALCO FINFreeCL 1.7 - - - - -
BALCO FINTotalCL 1.7 - - - - -
BALTurb FINCO1L - - - 22.4 - 23.4
BALpH FINTurbMon 9.1 0.0 0.0 0.0 0.0 0.0

Table 26: Final water crosscorrelations where at least one of the results had a time lag >0 h.
Shaded results highlight applicable crosgorrelations with Final coliforms and Final 1 L
coliforms.

Parameter 1 Parameter 2 5 months CO EN CO 1L (1) CO 1L (2) CO 1L (3
FINCLMon FINHPC22 - 14.8 - - - -
FINFlow FINTurbMon - 3.3 0.0 0.0 0.0 -
FINTurbMon FINCLMon - 0.3 0.0 0.0 0.6 0.0
FINTurbMon FINFlow - - 0.0 0.0 0.0 0.4
FINTurbMon FINCO - 4.5 - - - -
FINTurbMon FINCO1L - - - 15 - -
FINTurbMon FINNC1L - - - - 20.2 -
FINTurbMon FINTurb - 0.0 0.0 0.0 17.6 0.0
FINTurbMon FINTotalCL 5.2 0.0 0.0 0.0 0.0 0.0
FINHPC22 FINNCIL - 20.1 - - - -
FINCO1L FINCLMon - - - - - 12.9
FINNC1L FINCO 23.0 23.0 - - - -
FINTurb FINTurbMon - 0.0 0.0 0.0 23.4 0.0

6.3.1.21. Individual Filter Block and GAC Filter turbidity cressrelations
The spotsampling from the BF Filters collects water from a combined stream from
Blocks A, B and C and does not consider them individually. There is nesapyling
for turbidity from the GAC Filters. These monitor data were acquired later to help
determine whether the Filter Blogkbehaved in the same way and whether the GAC
Filter turbidity had an impact downstream.
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Table 29: RGF and GAC Filter crosscorrelations where at least one of the results had a time lag >0
Shaded results highlight applicable crossorrelations for all five failure weeks and, where applicable,
the five month dataset. Results in boxes show applicable cressrrelations with Final 1 L coliforms.

Parameter 1 Parameter 2 5 month CcO EN CO1L(1)CO1L(2)CO1L (3
Rainfall FiltATurb - - - 0.0 0.0 0.0
Rainfall FiltBTurb 12.5 0.0 - - - 0.0
Rainfall FiltCTurb - - - - - 16.1
Rainfall FiltDTurb - 0.0 - 0.0 - 0.0
Rainfall GACTurbNew - 0.0 0.0 - - 0.0
RawTurb FiltATurb 6.8 0.0 0.0 0.0 0.0 0.0
RawTurb FiltBTurb - 0.0 0.0 - 0.0 0.0
RawTurb FiltCTurb - 0.0 0.0 - 0.0 -
RawTurb FiltDTurb 0.0 0.0 0.0 0.0 0.0 0.0
RawTurb GACTurbNew - 0.0 0.0 0.0 0.0 0.0
ASettTurb FiltATurb 0.0 0.0 0.0 0.0 0.0 0.0
BSettTurb FiltBTurb - 0.0 0.0 - 0.0 0.0
CSettTurb FiltCTurb - 0.0 0.0 - 0.0 1.9
DSettTurb FiltDTurb 0.0 0.0 0.0 0.0 0.0 0.0
FiltATurb ABCEFiltCO 0.0 0.0 0.0 0.0 0.0 0.0
FiltATurb ABCFiltEC - 0.0 - 0.0 0.0 0.0
FiltATurb ABCFiltNC 0.0 0.0 0.0 0.0 0.0 0.0
FiltATurb ABCFiltTurb - 0.0 0.0 0.0 0.0 0.0
FiltATurb GACTurbNew 3.5 0.0 0.0 0.0 0.0 3.5
FiltATurb GACCO - 0.0 0.0 - - 2.8
FiltATurb GACNC - 0.0 0.0 - - -
FiltATurb CONTurb - 0.0 0.0 0.0 0.0 0.0
FiltATurb BALTurb - 0.0 - - 0.0 0.0
FiltATurb FINNC1L - - - - 21.1 -
FiltATurb FINTurbMon - - - 0.0 0.6 1.4
FiltBTurb ABCEFiltCO - 0.0 0.0 0.0 0.0 0.0
FiltBTurb ABCFiltEC - 0.0 - - 0.0 7.1
FiltBTurb ABCFiltNC - 0.0 0.0 - 0.0 6.9
FiltBTurb ABCFiltTurb - 0.0 0.0 - 0.0 0.0
FiltBTurb GACTurbNew - 0.0 0.0 - 0.0 35
FiltBTurb GACCO - 0.0 0.0 - - 18.4
FiltBTurb GACEC - - - - - 23.7
FiltBTurb GACNC - 0.0 0.0 - - 23.7
FiltBTurb BALTurb - 0.0 0.0 - 0.0 7.0
FiltBTurb FINNC1L - - - - 21.3 -
FiltBTurb CONTurb - 0.0 0.0 - 0.0 0.0
FiltCTurb ABCEFiltCO - 0.0 0.0 0.0 0.0 0.0
FiltCTurb ABCFiltEC - 0.0 - - 0.0 0.0
FiltCTurb ABCFiltNC - 0.0 0.0 0.0 0.0 0.0
FiltCTurb ABCFiltTurb - 0.0 0.0 - 0.0 -
FiltCTurb GACTurbNew - 2.6 0.0 - 0.0 3.8
FiltCTurb GACCO - - 0.0 - - -
FiltCTurb GACNC - 0.0 0.0 - - -
FiltCTurb CONTurb - 0.0 0.0 - 0.0 -
FiltCTurb BALTurb - 0.0 0.0 - 0.0 -
FiltCTurb FINHPC22 - 3.0 - - - -
FiltCTurb FINCO1L - - -] 19.1 217 -
FiltCTurb FINNC1L - 23.1 - - 1.2 -
FiltDTurb DFiltCO 0.0 0.0 13.3 0.0 0.0 0.0
FiltDTurb DFiltEC 0.0 0.0 0.0 0.0 0.0 0.0
FiltDTurb DFiltNC - 0.0 0.0 0.0 0.0 0.0
FiltDTurb DFiltTurb 0.0 0.0 0.0 0.0 0.0 0.0
FiltDTurb GACTurbNew - 0.0 0.0 0.0 0.0 0.0
FiltDTurb GACCO 0.0 0.0 0.0 0.0 - 7.9
FiltDTurb GACEC 0.0 - - 6.7 - -
FiltDTurb GACNC 9.0 0.0 0.0 0.0 - 14.5
FiltDTurb CONTurb 0.0 0.0 0.0 0.0 0.0 0.0
FiltDTurb BALTurb 0.0 0.0 0.0 0.0 0.0 0.0
FiltDTurb  FINCO1L - - - - -
FiltDTurb FINTurbMon - - - - - 15.3
GACTurbNew GACCO - - 0.0 6.0 0.0 0.0
GACTurbNew GACEC - - - 17.8 - -
GACTurbNew GACNC - - 0.0 1.7 - 0.0
GACTurbNew CONTurb 0.0 0.0 0.0 0.0 0.0 0.0
GACTurbNew BALTurb 0.0 0.0 0.0 0.0 0.0 0.0
GACTurbNew FINTurbMon - - 0.0 0.0 0.6 -
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Of the 684 crossorrelations conducted on shieduced dataset, 248 were both positive
and between 0 and 24 (fiable 29). Thirty-six of these results had viable time lags.
There were three crog®rrelations with Final 1 coliforms: with Filter Block C
monitor turbidity during the first and second. Xoliform failures, 19.1 h and 21.7 h,
respectively; and Filter Block D monitor turbidity during the week of the thitd 1
coliform detection, 18.(h. The turbidity reading that correlated from the first 1
coliform failure appears to be spurious, having a value of 159.9 NTU; a reading which
occurs sporadically throughout the dataset. The result for the seconcbliform
detection peaked at 0.93 NTand dropped off over the identified time lag; there were,
however, higher readings recorded before and after this point. The correlation of Filter
Block D turbidity with Final 1L coliforms occurred when turbidity peaked at 4.99 FTU.

The crosscorrelatons show that rainfall did not consistently correlate with monitored

turbidity from the Filter Blocks or GAC FiltersTéble 29). However, consistent @

time lags were observed between Raw turbidity and turbidity from Filter Blocks A and
D and the GAC Filters. Likewise, Settlement Tank A and Filter Block A results

changed one with another as did Settlement Tank D and Filter Block D results.

Filter Blodk turbidity consistently correlated with Filter Block coliforms, but this was
not the case for GAC Filter coliform3dble29). Filter Blocks A and D iad GAC Filter
turbidities showed consistent correlations with Contact Tank turbidity. Turbidity

readings for Block D and GAC Filters also correlated with Balance Tank turbidity.

6.3.2. SeHOrganising Maps

The lIf-organising naps (SOMs) will be exploredorking through the WTW and then
looking at the climateSOM. Throughout the results the SOM from the five month
dataset will be shown and those for the week of each failure can be found in Appendices
3 to 7. For each SOM, the actual range of input datiatlae range that corresponds to

the indicator bacteria will be highlighted in tables for the full five month dataset and for

each week of failure.

6.3.2.1. Raw water SOMs
The five month dataset for Strensham raw water shows that high coliform numbers
(14,0217 21,000 CFU 100 m) were found under conditions of lemediumE. coli
(07 6,667 CFU 100 mf) relative to the range of counts identified in this datasét (O
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10,000 CFU 100 rif)), high noncoliforms (14,685 22,000 CFU nit), low-medium
C. perfringens(260i 787 CFU mt") and medium Enterococci (317633 CFU mt})
(Figure 26 and Table 30). Furthermore, turbidity was low (0.0075.00 NTU), spct
sampled pH wakw (6.917 7.43 pH units), monitor pH was lemedium (7.00° 8.20
pH units) and water temperature was low (4 %.0 °C). High numbers of Enterococci
(6331 950 CFU 100 mt) were found with lowmedium coliforms (63 14,021 CFU
100 miY), low E. coli (0§ 3,333 CFU 100 nf), low noncoliforms (54i 7,369 CFU
100 mi*) and mediumC. perfringens(523i 787 CFU 100 mt); turbidity was low
(0.007 75.00NTU), spotsampled pH was high (7.968.48 pH units), monitor pH was
medium (7.6Q 8.20 pH units), andvater temperature was high (13.38.0 °C).

During the week of the coliform failure, high numbers of coliforms (8,850,044
CFU 100 mf") correlated with lowE. coli (8007 1,567 CFU 100 mi) relative to the
range of counts identified for this faitiweek (800 3,100 CFU 100 nif), high non
coliforms (8,033 10,000 CFU 100 ril), low C. perfringens(661 i 677 CFU
100ml™), and low Enterococi789i 798 CFU 100 mt) (Table 30). High coliforms
also corresponded to low turbidify.067 8.00 NTU) low spotsampled pH(7.90 71
7.95 pH units) low-medium monitor pH(7.69 7 7.83 pH units)and high water
temperatur€11.7i 14.6 °C)

The week of the Enterococcus failure saw no Enterococci in the Raw; Watdiis
reason the ranges have been quotetainle 30. Comparing these ranges with the full
five month ranges it is notable that the counts for colifofas;oli and norcoliforms
were low during this week, unliké. perfringens Turbidity was low, spesampled and

monitor pH were lowmedium and water temperatw@s high.

During the week of the first I coliform failure high coliforms (10,324 11,486 CFU
100ml™) corresponded to lo. coli (6007 1,314 CFU 100 nf), low noncoliforms
(8,664 11,465 CFU 100 rifl), highC. perfringeng656i 686 CFU 100 mt) and high
Enterococci (723 766 CFU 100 mt) (Table 30). They also correlated with high
turbidity (20.991 27.52 NTU), high spesampled pH (7.76 7.96 pH units), lowhigh
monitor pH (7.79 7.93 pH units) and lovihigh water temperature (5(58.3 °C).

The week of the secondL1coliform detection showed that high coliform counts (5,476
i 6,714 CFU 100 mi) correlated with low nowmoliforms (2,472i 2,910 CFU
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100ml™), high C. perfringeng424i 454 CFU 100 mt) and high Enterococci (388
431 CFU 100 mt) (Table 30). High 1L coliforms corresponded with high turbidity
(10.7671 11.75 NTU), low spesampled pH (7.16 7.40 pH units), lowhigh monitor

pH (7.671 7.83 pH units) and lovhigh water temperature (5.0 6.9 °C). The
component plane foE. col did not show a range as identified in the input data and

therefore could not be interpreted (see Appendix 6).

The week of the third L coliform failure saw high coliform counts (3,5004,100
CFU 100ml™) correlated with highE. coli (5337 700 CFU 10 mf%), low non
coliforms (2,6001 2,991 CFU 100 ml), low C. perfringeng260i 278 CFU 100 mb),
and low Enterococci (138 167 CFU 100 mt) (Table30). They also corresponded to
high turbidity (7.2171 8.38 NTU), low sposampled pH (7.76 7.82 pH units), low
medium monitor pH (7.74 7.86 pH units) and high water temperature (11.1
12.9°C).

Overall, the results show that high coliforms in Raw water (3,500 11,486 CFU
100mlI™") occurred wherE. coli counts were low (533 1,567 CFU 100nl™) with
regard to the ranges identified in the five month dataset;caliiorms were low
medium (2,472 10,000 CFU 100nl™), C. perfringenswere lowmedium (260i 686
CFU 100ml™Y) and Enterococci were lehigh (138i 798 CFU 100ml™Y). Raw water
turbidity was low (7.06 27.52 NTU), spesampled pH was lownedium (7.16 7.96
pH units), monitor pH was medium (7.677.93 pH units) and watéemperature was
low-medium (5.7 14.6°C).

Correlations with Enterococci results cannot be studied until Strensham Final as they

were not monitored througblant, but the ranges for the other parameters are recorded
in the results tables.
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Figure 26: Raw water selforganising map for Strensham five month dataset.

Table 30: Strensham raw water SOM results from the five month dataset and each of the failure
weeks. Showing the range represented by the component plane and that corresponding to the
indicator organisms. Coliforms, E. coli, noncoliforms, C. perfringens andEnterococci = No. 100
mi™": turbidity = NTU: pH = pH units; temperature = °C.

RAW 5 month CcO EN

Range CcO EN Range CO Range
Coliforms 63 - 21000 - 63 - 14021 | 4982 - 10044 - 1500 - 5410
E. coli 0 - 10000 0- 6667 0-3333 800-3100 800-1567 | 100-1830
Non-coliforms 54 - 22000 14685 -22000 54-7369 | 4100 -10000 8033 -10000 3000 - 5093
C. perfringens 260 - 1050 260 - 787 523 - 787 661 - 710 661 - 677 896 - 1008
Enterococci 0-950 317 - 633 - 789 - 815 789 - 798 0
Turbidity 0.00-225.00 0.00-75.00 0.00-75.00| 7.06-9.87 7.06-8.00 | 5.22-16.39
pH (Spot-sampled) | 6.91-848 6.91-7.43 7.96-848| 790-8.05 7.90-7.95| 7.41-7.78
pH (Monitor) 7.00-880 7.00-820 7.60-820| 7.69-790 7.69-7.83| 7.28-7.70
Temperature 4.5-18.0 45-9.0 13.5-18.0 5.9-14.6 11.7-146 | 13.9-16.2

CO 1L (1) CO 1L (2) CO 1L (3)

Range CcO Range CO Range CO
Coliforms 8000 - 11486 - 3000 - 6714 - 2300 - 4100 -
E. coli 600 -2743  600-1314 403 - 500 ? 200 - 700 533 - 700
Non-coliforms 8664 - 17067 8664 - 11465 2472 - 3787 2472 -2910| 2600 -3772 2600 - 2991
C. perfringens 596 - 686 656 - 686 364 - 454 424 - 454 260 - 313 260 - 278
Enterococci 636 - 766 723 -766 301-431 388 - 431 138 - 226 138 - 167
Turbidity 7.94-27.52 20.99-27.521 8.79-11.75 10.76-11.7§ 4.88-8.38 7.21-8.38
pH (Spot-sampled) | 7.37-7.96 7.76-7.96 | 7.16-7.89 7.16-7.40| 7.76-7.94 7.76-7.82
pH (Monitor) 779-793 7.79-793| 7.67-783 7.67-7.83| 7.77-7.90 7.77-7.86
Temperature 5.5-8.3 5.5-8.3 5.1-6.9 5.1-6.9 75-12.9 11.1-129
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6.3.2.2. Settlement Tank A SOMs
For Settlement Tank A, the five month dataset showed that high coliform counts (513
760 CFU 100 mi) correlated with mediurhigh E. coli (40 i 120 CFU 100 mif),
mediumhigh noncoliforms (1831 550 CFU 100 mt), low-medium turbidity(0.351
1.42 NTU)and high pH7.277 7.67 pH unitsFigure27 andTable31).

During the week of the coliform failure, high coliforms (49350 CFRJ 100 ml%)
corresponded to higlE. coli (67 i 90 CFU 100 mt), low noncoliforms (280
379CFU 100ml™Y), high turbidity (1.16i 1.34 NTU) and low pH (7.39 7.48 pH
units). The week of the first L coliform failure $rowed high coliforms (488
620CFU 100 mlY) correlated with higtE. coli (48 1 70 CFU 100 nmif), low non
coliforms (1891 309 CFU 100 mt), low turbidity (0.79i 1.08 NTU) and low pH (7.20
I 7.35 pH units). During the week of the second doliform failure, high coliforms
(1057 133 CFU100 ml*) corresponded to higB. coli (177 20 CFU 100 nil), high
noncoliforms (71i 76 CFU 100 mt), high turbidity (0.86i 0.92 NTU) and low pH
(7.277 7.30 pH units). The third IL coliform failure showed high coliforms (139170
CFU 100 mt) correlated with lowE. coli (4 i 8 CFU 100 mif), high noncoliforms
(1917 268 CFU 100 mt), low turbidity (0.35 0.52 NTU) and low pH (7.3D 7.52 pH

units).

In summary, high coliforms from Settlement Tank A (105650 CFU 10Gml™)
correlated with lowmedium E. coli (4 i 90 CFU 100ml™Y) relative to the range
identified in the five month dataset {QL20 CFU 100 m}), low-medium norcoliforms
(717 370 CFU 10aml™), low-high turbidity (0.35i 1.34 NTU) and lowhigh pH (7.20
I 7.52 pH units).

6.3.2.3. Settlement Tank B SOMs
For Settlement Tank B, the five month dataset showed that high coliform counts (867
1,300 CFU 100 m) correlated with mediurhigh E. coli (87 i 260 CFU 100 mb),
low-high noncoliforms (7 i 950 CFU 100 mt), mediumhigh turbidity (0.697 1.79
NTU) and lowmedium pH(6.751 7.37 pH unitsFigure28 andTable32).
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Figure 27: Settlement Tank A self-organising map for Strensham five month dataset.

Table 31: StrenshamSettlement Tank ASOM results from the five month dataset and each of the
failure weeks. Showing the range represented by the component plane and that corresponding to
the indicator organisms.Coliforms, E. coli and non-coliforms = CFU 100 ml*; turbidity = NTU; pH

= pH units.

ASETT 5 month CO EN

Range CcO Range CO Range -
Coliforms 20 - 760 - 180 - 650 - 70 - 427 -
E. coli 0-120 40 - 120 20-90 67 - 90 0-61 -
Non-coliforms 0-550 183 - 550 280 - 550 280 - 370 199 - 292 -
Turbidity 0.35-195 035-142| 0.79-1.34 116-134| 0.56-0.85 -
pH 6.47-767 7.27-767| 739-765 7.39-748| 7.23-7.29 -

CO 1L (1) CO 1L (2) CO 1L (3)

Range CcO Range CcO Range CO
Coliforms 223 - 620 - 50 - 133 - 78 - 170 -
E. coli 4-70 48 - 70 10-20 17-20 4-16 4-8
Non-coliforms 189 - 550 189 - 309 60 - 76 71-76 36 - 268 191 - 268
Turbidity 0.79-165 0.79-108| 0.74-092 086-092| 0.35-0.85 0.35-0.52
pH 720-765 7.20-735| 7.27-739 727-730| 7.39-752 7.39-752
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Figure 28 Settlement Tank Bself-organising map for Strensham five month dataset.

Table 32: Strensham Settlement Tank BSOM results from the five month dataset and each of the
failure weeks. Showing the range represented by the component plane and that corresponding to
the indicator organisms.Coliforms, E. coli and non-coliforms = CFU 100 mi*; turbidity = NTU; pH

= pH units.
BSETT 5 month CO EN

Range CO Range CO Range -
Coliforms 0- 1300 - 99 - 817 - 79 - 486 -
E. coli 0- 260 87 - 260 10-70 10-30 0-117 -
Non-coliforms 7 -950 7-950 169 - 873 169 - 404 299 - 427 -
Turbidity 0.14-179 069-179| 0.75-1.29 0.75-0.93 | 0.56-0.65 -
pH 6.75-7.68 6.75-737| 7.38-752 7.38-7.43| 7.27-7.37 -

CO1L (1) CO 1L (2) CO 1L (3)

Range CO Range CO Range CcO
Coliforms 112 - 1300 - 50 - 117 - 108 - 600 -
E. coli 4-70 48 - 70 6-27 20 - 27 9-30 23-30
Non-coliforms 141 - 950 680 - 950 30-105 30 - 105 54 - 660 458 - 660
Turbidity 098-149 132-149( 057-082 0.74-0.82| 0.66-0.93 0.66-0.75
pH 724-752 743-752| 727-741 7.27-732| 743-7.62 7.43-7.49

During the week of the coliform failure, high coliform counts (578.7 CFU 100 mt)
correlated with lowE. coli (107 30 CFU 100 nif), noncoliforms (169i 404 CFU
100ml™), turbidity (0.757 0.93 NTU) and pH (7.38 7.43 pH units). The week of the
first 1L coliform detection showed high coliform counts (904,300 CFU 100 i)
correlated with higtE. coli (481 70 CFU 100 mt), noncoliforms (680i 950 CFU
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100ml™), turbidity (1.32i 1.49 NTU) and pH (7.48 7.52 pH units). The week of the
second 1 coliform failure showed high coliforms (9% 117 CFU 100 m)
corresponded to higk. coli (207 27 CFU 100 mt), noncoliforms (30i 105 CFU
100ml™) and turbidity (0747 0.82 NTU) and low pH (7.27 7.32 pH units). During
the week of the third IL coliform detection, high coliforms (436600 CFU 100 mt)
correlated with higlE. coli (231 30 CFU 100 nit) and norcoliforms (4581 660 CFU
100 mI*) and low turbidity(0.66i 0.75 NTU) and pH (7.48 7.49 pH units).

An overview of high coliforms from Settlement Tank B (95L,300 CFU 100 nif)
shows that their occurrence correlated with Bweoli (101 70 CFU 100 nif), low-
high noncoliforms (307 950 CFU 100 ml), medum-high turbidity (0.66 i
1.49NTU), and mediurrhigh pH (7.27 7.52 pH units).

6.3.2.4. Settlement Tank C SOMs
The five month dataset for Settlement Tank C showed high counts of coliforms (480
720 CFU 100 mt) correlated with mediurhigh E. coli (417 123 CFU 100 mt), low
non-coliforms (07 1,000 CFU 100 ni), low-medium turbidity (0.07 1.11 NTU) and
mediumhigh pH (7.06' 7.74 pH units) Figure29 andTable 33).

During the week of the coliform failure, high coliforms (4R0630 CFU 100 mt)
corresponded to lovigh E. coli (107 60 CFU 100 mf") and low norcoliforms (229
279 CFU 100 ml), turbidity (0.62i 0.78 NTU) and pH (7.56 7.62 pH units). During
the week of the first L coliform failure, high caform counts (353i 490 CFU
100ml™) correlated with higlE. coli (417 60 CFU 100 nit) and norcoliforms (275i
380 CFU 100 mt), low turbidity (0.68i 0.82 NTU) and high pH (7.5% 7.65 pH
units). The second Il coliform failure showed high coliforms (81106 CFU 100 mt)
corresponded to higk. coli (141 18 CFU 100 mi), non-coliforms (45i 68 CFU
100ml™) and turbidity (0.76 0.84 NTU) and low pH (7.31 7.37 pH units). The week
of the third 1L coliform detection showed that dh coliforms (1041 128 CFU
100ml™) correlated with high nenoliforms (1321 182 CFU 100 mif) and turbidity
(0.7671 0.92 NTU) and low pH (7.39 7.43 pH units). The component plane Eorcoli
did not show a range as identified in the input data and therefore could not be

interpreted (see Appendix 7).
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Overall, high coliforms fromSettlement Tank C (81 530 CFU 100 ml) were
observed to occur with lomediumE. coli (107 60 CFU 100 mt), low noncoliforms
(457 380 CFU 100 mt), medium turbidity (0.62 0.92 NTU) and mediurhigh pH
(7.317 7.65 pH units).

6.3.2.5. Settlementahk D SOMs
For Settlement Tank D, the five month dataset showed that high coliform counts (670
1,000 CFU 100 m) correlated with lowhigh E. coli (07 310 CFU 100 mt) and non
coliforms (07 1,000 CFU 100 mt) and lowmedium turbidity(0.407 1.12 NTU) and
pH (6.891 7.43 pH units)Figure30andTable34).

During the week of the coliform failure, high coliforms (50370 CFU 100 mif)
corresponded to higE. coli (631 90 CFU 100 nif), low noncoliforms (1801 353
CFU 100 mt), high turbidity (0.867 0.99 NTU)and medium pH7.551 7.60 pH
units) The week of the first IL coliform detection showed high coliforms (48338
CFU 100mlI™) correlated with higtE. coli (541 71 CFU 100 nit), low noncoliforms
(17 49 CFU 100 nif), high tubidity (0.83i 0.95 NTU)and low pH(7.26i 7.36 pH
units) During the week of the second.1coliform failure high coliforms (89 109
CFU 100ml™) corresponded to high. coli (227 33 CFU 100 nif), noncoliforms (93
i 110 CFU 100 mt) and turbidity(0.607 0.66 NTU)and low pH(7.32i 7.35 pH
units). The third 1L coliform failure showed high cifibrm counts (114° 160 CFU
100mlI™) correlated with lowE. coli (47 10 CFU 100 mit), high noncoliforms (234
333 CFU 100 mt) and low turbidity(0.46i 0.53 NTU)and pH(7.40i 7.42 pH units)

In summary, high coliforms from Settlement Tank D (8970 CFU 100 mf)
correlated with lowE. coli (41 90 CFU 100 mt), low non-coliforms (17 353 CFU
100ml™), low-medium turbidity (0.46i 0.99 NTU), and mediurrhigh pH (7.261
7.60pH units).
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Figure 29: Settlement Tank Cself-organising map for Strensham five month dataset.

Table 33 Strensham Settlement Tank CSOM results from the five month dataset and each of the
failure weeks. Showing the range represented by the component plane and that corresponding to

the indicator organisms. Coliforms,E. coli and non-coliforms = CFU 100 mI™*; turbidity = NTU; pH

= pH units.
CSETT 5 month CcO EN
Range CO Range CO Range -
Coliforms 0-720 - 200 - 530 - 79 - 383 -
E. coli 0-123 41 -123 10 - 60 10 - 60 0-47 -
Non-coliforms 0 - 3000 0 - 1000 229 - 380 229 - 279 305 - 707 -
Turbidity 0.07-163 0.07-1.11| 0.62-1.10 0.62-0.78| 0.60-0.91 -
pH 6.72-774 7.06-7.74| 756-7.74 756-7.62| 7.33-7.36 -
CO 1L (1) CO 1L (2) CO 1L (3)
Range CcO Range CcO Range (6{0)
Coliforms 80 - 490 - 30- 106 - 55-128 -
E. coli 4-60 41 - 60 6-18 14 -18 0-4 ?
Non-coliforms 64 - 380 275 - 380 0-68 45 - 68 32-182 132 - 182
Turbidity 0.68-1.10 0.68-0.82| 059-0.84 0.76-0.84| 043-092 0.76-0.92
pH 732-765 754-765| 731-750 731-737| 739-752 7.39-7.43
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Figure 30: Settlement Tank Dself-organising map for Strensham five month dataset.

Table 34: Strensham Settlement Tank DSOM results from the five month dataset and each of the
failure weeks. Showing the range represented by the component plane and that corresponding to

the indicator organisms. Coliforms,E. coli and non-coliforms = CFU 100 mi™*; turbidity = NTU; pH

= pH units.
DSETT 5 month CO EN

Range CcO Range CcO Range -
Coliforms 10 - 1000 - 170-670 - 79 - 427 -
E. coli 0-310 0-310 10-90 63 - 90 0-134 -
Non-coliforms 0 - 1000 0 - 1000 180 - 700 180 - 353 310 - 509 -
Turbidity 040-1.48 040-112| 059-099 0.86-0.99| 0.67-0.98 -
pH 6.89-770 6.89-743| 750-765 755-7.60| 7.15-7.39 -

CO 1L (1) CO 1L (2) CO 1L (3)

Range CcO Range CcO Range CcO
Coliforms 172 - 638 - 50 - 109 - 23-160 -
E. coli 20-71 54 -71 0-33 22-33 4-23 4-10
Non-coliforms 1-144 1-49 60 - 110 93-110 36 - 333 234 - 333
Turbidity 059-095 0.83-095| 049-066 0.60-0.66| 0.46-0.68 0.46-0.53
pH 726-756 7.26-736| 732-740 732-735| 7.40-747 7.40-7.42

6.3.2.6. Filter Block ABC SOMs
The five month dataset for Filter Block ABC showed that high coliform countsi(135
183 CFU 100 mb) correlated with lowE. coli (6 i 37 CFU 100 nif), high non
coliforms (951 143 CFU 100 mt) and medium turbiditf0.47i 0.87 NTU)and pH
(7.007 7.33 pH unitsYFigure31 andTable35).
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During the weeks of the coliform and first.1coliform failures, there were no peaks in
coliform numbers, both having counts of 100 CFU 100 (ske Appendice3 and 5)
During the week of the secondL1coliform failure, high coliform counts (90 100
CFU 100 mt*) correlated with higttE. coli (177 22 CFU 100 mt), noncoliforms (621
63 CFU 100 mt) and turbidity(0.207 0.24 NTU)and low pH(7.267 7.28 fH units)
The week of the third L coliform detection showed high coliform counts (9800
CFU 100 mt") corresponded to lo. coli (71 15 CFU 100 mt), high noncoliforms
(781 100 CFU 100 mt), low turbidity (0.171 0.20 NTU)and high pH7.51i 7.57 pH

units).

During the weeks of the second and thirdl coliform failures,high coliform counts
(907 100 CFU 100 mt) corresponded to lov. coli (7 i 22 CFU 100 mif), low-

medium norcoliforms (62i 100 CFU 100 mt), low turbidity (0.17i 0.24NTU), and
high pH (7.26" 7.57 pH units).

6.3.2.7. Filter Block D SOMs
The five month dataset for Filter Block D showed that high coliform countsi(300
CFU 100 mt") correlated with lowE. coli (11 34 CFU 100 mt), high nonrcoliforms
(11571 172 CFU100 mi*), medium turbidity(0.337 0.67 NTU)and low pH(6.881
7.14 pH units)Figure32 andTable36).

There was no peak in coliform counts during the weeks of both the coliform and the
first 1L coliform failures, both weeks having counts of 100 CFU 100 (fskee
Appendices 3 and 5puring theweek of the second L1 coliform failure high coliform
counts (87 97 CFU 100 nif) correlated with higtE. coli (17 i 23 CFU 100 mif),
non-coliforms (701 81 CFU 100ml™) and turbidity(0.107 0.13 NTU) and low pH
(7.2471 7.25 pH units) The third 1L coliform detection showed high coliform counts
(917 100 CFU 100 mt) corresponded to lovuigh E. coli (7 i 19 CFU 100 mt), high
non-coliforms (817 100 CFU 100 mt), and lowhigh turbidity (0.117 0.18 NTU)and

pH (7.261 7.50 pH units)

To summarie the findings from Filter Block D for the second and third doliform
detections: high coliforms (87 100 CFU 100 mit) were observed to occur with low
E.coli (7i 23 CFU 100 mit), medium norcoliforms (707 100 CFU 100 mt), low
turbidity (0.101 0.18 NTU), and mediurhigh pH (7.24 7.50 pH units).
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Figure 31 Filter Block ABC self-organising map for Strensham five month dataset.

Table 35: Strensham Filter Block ABC SOM results from the five month dataset and each of the
failure weeks. Showing the range represented by the component plane and that corresponding to

the indicator organisms. Coliforms,E. coli and non-coliforms = CFU 100 mi™*; turbidity = NTU; pH
= pH units.

ABCFilt 5 month (6{0) EN

Range CO Range CcO Range -
Coliforms 38-183 - 100 - 92 - 100 -
E. coli 6-100 6-37 43 - 100 - 9-55 -
Non-coliforms 0-143 95 -143 99 - 100 - 55-100 -
Turbidity 0.07-1.27 047-0.87| 0.30-0.57 - 0.07-0.19 -
pH 6.67-7.66 7.00-7.33 | 7.51-7.62 - 7.17-7.31 -

CO 1L (2) CO 1L (2) CO 1L (3)

Range CcO Range CcO Range CcO
Coliforms 100 - 70 - 100 - 95-100 -
E. coli 29 -100 - 6-22 17 -22 7-30 7-15
Non-coliforms 61 -100 - 59 - 63 62 - 63 34 -100 78 - 100
Turbidity 0.28 - 0.57 - 0.12-0.24 0.20-0.24 | 0.17-0.25 0.17-0.20
pH 7.25-7.59 - 726-733 7.26-7.28| 7.40-7.57 7.51-757
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