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Abstract

A boil water advisory (BWA) informs the public that there is an increased level of risk associated with their water and that
they should boil it before consuming. Studies show that small communities in Canada are particularly likely to experience
repeat and long-term BWAs. Climate change has led to changes in precipitation and temperature patterns, leading to region-
specific impacts such as increased frequency, severity, or variance in floods, forest fires, droughts, freezing rain, and sea water
intrusion. Academic and non-academic “grey” literature was reviewed to establish the most likely impacts of climate change
on water treatment and infrastructure. Anonymized data from public drinking water systems in Canada was analyzed to deter-
mine the most common causes of BWAs between 2005 and 2020. Most BWAs reported were related to breakdowns/malfunctions
along the distribution, though inadequate disinfection residual and turbidity or coliforms in the treated water were also com-
mon. Furthermore, statistical analysis of the data showed seasonal trends in some of these parameters. The results of this study
suggest that increased precipitation, flooding, permafrost degradation, and forest fires are likely to have significant impacts

on water safety in Canada.

Highlights:

* Climate change effects are expected to worsen many current water challenges.

* Climate change will disproportionately impact small, rural, and remote water utilities.
* Water distribution systems are the main source of water safety risk in Canada.

* Groundwater-supplied systems experience a disproportionate number of BWAs.

* Seasonal trends in BWA reasons provide opportunities for targeted mitigation.
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1. Introduction

Drinking water safety is a persistent concern in small, ru-
ral, remote, and Indigenous communities in Canada (Health
Canada 2015; Lane and Gagnon 2020; Environment and Cli-
mate Change Canada 2022). Boil water advisories (BWAs)
are public announcements advising users that they should
boil their drinking water prior to consumption to elimi-
nate any suspected or confirmed disease-causing microorgan-
isms in the water (Health Canada 2015). Emergency BWAs
are issued in response to confirmed detection indicators of
fecal contamination in distributed drinking water (Health
Canada 2015). Precautionary BWAs are issued when one of
the steps from the source to the tap has the potential to
cause fecal contamination of distributed drinking water, in-
cluding source water quality or quantity changes; insuffi-
cient, poorly operated, or malfunctioning water treatment
equipment; and damaged distribution system infrastructure
(Health Canada 2015). Common themes reported in previ-
ous water safety studies in Canada include the lack of con-
sistent BWA-reporting methods from one jurisdiction to the
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next, the challenge of compiling and completing accurate
data sets, and inconsistent reporting formats across federal
and provincial jurisdictions (Lane and Gagnon 2020). This re-
sults in issues and gaps in data sets, making it difficult to
accurately understand and address the problems that under-
lie BWAs in Canada. Complete Canada-wide data sets for ei-
ther municipal, private, or Indigenous (First Nations, Métis,
and Inuit) water systems are difficult for the public to access
or non-existent (Lane and Gagnon 2020), though it should
be noted that due to the federal government’s initiative to
end all BWAs in First Nation communities by 2021, several
academic and government-commissioned studies have high-
lighted and made recommendations to address BWA trends
over time in these communities (e.g., Lane and Gagnon 2020).

BWAs are intended to be used as short-term public health
interventions, and repeat and long-term BWAs can dimin-
ish users’ trust of their drinking water (Health Canada 2015;
Minnes and Vodden 2017). Lack of trust in drinking water
quality and safety can push users towards more expensive op-
tions like bottled water (Doria 2006; Castleden et al. 2015) or
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motivate people to collect water from untreated streams and
springs, though the latter can also be driven by local pref-
erences and cultural traditions (Goldhar et al. 2013). BWAs
can also introduce safety concerns such as an increased risk
of scalding when consumers are boiling and using the water
and can have economic impacts on local businesses and ser-
vices (Health Canada 2015). Under most circumstances, it is
not necessary to boil tap water for non-consumptive house-
hold purposes such as bathing, showering, laundry, or wash-
ing dishes. However, in the event of a confirmed waterborne
outbreak, it may be necessary to take additional precautions,
some of which can be difficult, tedious, and(or) expensive for
consumers to comply with, especially for long periods of time
(Health Canada 2015).

The warming of the Earth and the effects of changing cli-
mate over several decades has been linked to changes in the
hydrological cycle, including increasing atmospheric water
vapour content; changing precipitation patterns, intensity,
and extremes; reduced snow cover and widespread melting
of ice, including glaciers; and changes in soil moisture and
runoff (Bates et al. 2008). In Canada, the expected effects
of climate change include substantially higher mean an-
nual and seasonal temperatures, increased incidence and
frequency of excess heat, extreme wet weather events, sea
level rise and increased coastal flooding, more frequent
and severe forest fires, and permafrost degradation, among
others (Bush et al. 2022). The extent and timelines of these
changes will depend on whether and how soon greenhouse
gas emissions are reduced across the world and how different
interrelated climate factors interact with one another (Bush
et al. 2022). Some of these climate change effects are likely
to impact the integrity and operation of water infrastructure
and may therefore impact the number, length, and types
of BWAs issued in Canada, a fact that is beginning to be
reflected in design standards in some parts of Canada. An ex-
ample of this is the Atlantic Canada Water Supply Guidelines
(Koljin 2021; ACWWA 2022). The potential effects of extreme
weather events related to climate change on drinking water
infrastructure, water quality, and the frequency of BWAs
has only begun to be explored in the academic literature. A
series of recent government and non-governmental reports
have highlighted the potential impacts of climate change
phenomena on water infrastructure (Swanson et al. 2021;
Bush et al. 2022). Our study aimed to identify the most com-
mon causes of BWAs in Canada, highlight the likely impacts
of climate change on drinking water infrastructure, and
explore how climate change phenomena might affect the
overall number and underlying causes of BWAs in Canada.

This study was the first to conduct a Canada-wide assess-
ment of the potential impacts of climate change on water
safety as indicated by the reasons, frequency, and length of
BWAs and to conduct an in-depth statistical analysis of the
seasonality of BWA reasons in Canada. This study consists of
an in-depth review of academic and industry-related litera-
ture related to water safety and climate change with a focus
on factors relevant to Canada. Various keywords were used
to identify academic and grey literature that provided an un-
derstanding of the current implications of climate change in
Canada, as well as their relation and impacts on water safety.

A review and analysis of historical BWA records from the
Canadian Network of Public Health Intelligence (CNPHI), a
public health surveillance and alerting resource of the Pub-
lic Health Agency of Canada (PHAC), was conducted to deter-
mine the leading causes of BWAs in Canada. The data were
aggregated and analysed based on various parameters, such
as population, reason for BWA, and water source, to iden-
tify trends and consistencies within each parameter and with
each other. This review also consisted of a statistical analysis
of historical BWA records using X12 ARIMA decomposition
followed by the Mann-Kendall test. The anticipated impacts
of this study are to provide a high-level assessment of the po-
tential impacts of climate change on water safety and BWAs
in Canada.

2. Methodology

2.1. Literature review methodology

Four major scholar databases (Omni, Scholars Portal, Pro-
Quest, and EBSCOhost) related to environmental science and
engineering as well as a search engine (Google Scholar) were
used to identify literature related to climate change, BWAs,
and water quality. The analysis of historical BWA records, as
described later in this section, was used to identify relevant
key search words and literature, which included boil water
advisories, climate change, water, water quality, coliforms,
and extreme weather. These keywords were searched to-
gether, interchangeably, using the databases search method
that allows for multiple terms to be searched in order of
relevancy. The databases identified literature with these
keywords in the titles, keywords, abstracts, and citations.

Information about BWAs and climate change is not limited
to the peer-reviewed academic literature. Many high-quality
“grey”, or non-academic, literature sources are publicly
available and contain important information related to
water safety and the potential impacts of climate change on
drinking water infrastructure. These include the Intergov-
ernmental Panel on Climate Change (IPCC) Sixth Assessment
Report, Canada’s Changing Climate Report, reports pre-
pared by reputable non-governmental organizations like
the International Institute for Sustainable Development,
and numerous Health Canada documents. The Public In-
frastructure Engineering Vulnerability Committee (PIEVC)
Engineering Protocol for Infrastructure Vulnerability Assess-
ment and Adaptation to a Changing Climate and the United
States Agency of International Development’s Climate Risk
Screening and Management Tools (USAID 2017) were also
reviewed for this study. The academic and industry literature
sources consulted in this study were supplemented with
interviews with industry experts who provided further in-
sight into the intersections between water safety and climate
change impacts in Canada. A total of 96 papers about the
impacts of climate change on drinking water sources and
infrastructure were reviewed in this study. Of these, 15 were
about increasing temperatures, 30 were about flooding due
to extreme weather and changes in snow and ice cover, 23
were about coastal flooding, 14 were about drought, 6 were
about wildfires, and 8 were about permafrost degradation.
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2.2. Review, analysis, and visualization of

drinking water advisory data

Historical BWA records for drinking water systems across
Canada were provided by the CNPHI, a public health surveil-
lance and alerting resource of the PHAC. The data included
information about BWAs issued from 4 February 2005 to 8
July 2021 in multiple Canadian jurisdictions and included
9825 records, each of which represented a single BWA. Each
BWA record included information about the drinking water
supply type, status, water quality reason, operational reason,
estimated population affected, the dates when the BWA was
issued and rescinded, and the drinking water source type.

A total of 1630 communities are represented in the
database, but as a condition of the data sharing agreement
with CNPHI the data was provided in an anonymized for-
mat and no information was provided about the location of
the communities that experienced BWAs. According to the
agency, anonymization was required because the data pro-
vided to CNPHI belongs to the individual agencies who col-
lect and report it (Environment and Climate Change Canada
2022).

Jurisdiction over drinking water safety is primarily held by
provincial and territorial governments in Canada; thus, BWA
criteria and processes vary from one Canadian jurisdiction
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to the next, making it difficult to compare data from one re-
gion to another (Lane and Gagnon 2020). To overcome this,
CNPHI assigns each BWA in their database a primary reason
and a secondary “operational reason” that together can be
used to aggregate data and explore BWA trends in Canada as a
whole.

Primary reasons included measures of treated and(or) dis-
tributed water quality such as turbidity, Escherichia coli, total
coliforms, and inadequate disinfection residual, as well as
infrastructure-related reasons such as “line break and pres-
sure loss in distribution system”, indicating a breakdown in
the water distribution system or “significant deterioration of
source water quality”. Some primary reasons, such as “ex-
ceedance of maximum accepted concentration” were open to
interpretation. Secondary reasons included “planned system

”

maintenance”, “treatment unable to cope with source water

”

deterioration”, “power outage resulting in system power loss
or reduced storage of treated water”, “contamination during
construction, repair, or operation”, and “inadequate disinfec-
tion residual in distribution system”, among others. In 15%
of cases, however, the primary reason was listed as “not ap-
plicable”, and in these instances, the secondary operational
reason was assumed to be the primary reason for the BWA.

Equation 1 summarizes this approach:

primaryreason # notapplicable — primary reason

(1)  primaryreason =

primary reason = notapplicable — secondary reason

Primary reasons that accounted for less than 0.5% of all
BWAs were removed from the analysis to simplify visualiza-
tion and interpretation of the results. The resulting data set
included 9728 individual BWA records.

Drinking water source types were categorized as ground-
water, surface water, cistern or holding tank, groundwater
under the influence of surface water (GUDI), hauled wa-
ter, high-risk GUDI, potential GUDI, water pipeline, mixed
(blended), unknown, and satellite system. GUDI is defined
as a groundwater source that is located close enough to
nearby surface water, such as a river or lake, to receive direct
surface water recharge (Howe n.d.). The formal definition
of GUDI differs from one jurisdiction to the next; however,
GUDI is usually defined as any water beneath the surface
of the ground with significant occurrence of insects; other
macro-organisms, algae, organic debris, or large-diameter
pathogens such as Giardia lamblia or Cryptosporidium; or signif-
icant and relatively rapid shifts in water characteristics such
as turbidity, temperature, conductivity, or pH that clearly
correlate to climatological or surface water conditions (Nova
Scotia Enviroment n.d.). A water pipeline system is one
where water is transported via a water pipe from another
community’s water source. A satellite system is a drinking
water system that receives water from another drinking
water system through a service relationship or hub system. A
cistern or holding tank is a waterproof receptacle for holding
water. The provided data set may have contained some vari-
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ations in source water identification, particularly pipeline,
region distribution systems, partial area advisories, area-
wide advisories, or blended systems. Consultation with
CNPHI confirmed that pipeline, regional distribution sys-
tem, satellite system, and blended system all referred to
water systems that were fully or partially supplied by a
water pipeline from outside of the community. Due to the
anonymity of the database, it is unclear which advisories are
for partial areas, a full city, or town.

Each BWA in the database was assigned an estimated popu-
lation range by CNPHI. The smallest range was 0-100 people
and the largest was >100 000.

The length of each BWA was computed by subtracting the
date that the BWA was issued from the date that it was re-
scinded. In the case of BWAs that were ongoing at the end
of the covered period (4 February 2005 to 8 July 2021), the
length of the BWA was assumed to be the difference between
the date that the BWA was issued from 1 July 2021.

All data visualizations were prepared in R using the ggplot2
and gridExtra packages. Time series analysis was conducted
using MATLAB 2022b. X12 autoregressive moving average
(ARIMA) filter (Findley et al. 1998) followed by the Mann-
Kendall test being used to identify the presence of mono-
tonic increasing or decreasing trends in the reasons why
BWAs were called over time. The X12 ARIMA filter decom-
poses a time series into the trend, seasonal, and irregular
components, which can then be evaluated separately. The
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presence of seasonality in BWA reasons was identified using
the sample autocorrelation function and visualized using the
X12 ARIMA filter. The autocorrelation function defines how
data points in a time series are related on average to the pre-
ceding data points. All significance tests were conducted at
the 95% confidence level.

3. Review of literature about the
potential impacts of climate change
on water infrastructure and water
safety in Canada

Around the world, climate change effects such as increased
temperatures, sea level rise, flooding, drought, forest fires,
and permafrost thaw are expected to exacerbate many of the
challenges that water utilities face today. This is especially
true in rural and remote communities, which often lack the
financial and operational capacity to maintain or replace ag-
ing infrastructure and the flexibility to respond to extreme
weather events (Warren and Lulham 2021). Our discussion is
mostly limited to national trends in Canada because the na-
tional, anonymous BWA database provided by CNPHI did not
include information about community locations. Canada is a
large country, however, and local climate trends are expected
to vary from one region to another (Bush and Lemmen 2019).
These regional or watershed-level climate shifts are likely to
be even more pertinent to water safety and water infrastruc-
ture planning than national trends.

3.1. Increasing temperatures

Evidence suggests that annual mean surface temperatures
across Canada increased by between 0.7 (Atlantic Canada) and
2.3°C (Northern Canada) between 1948 and 2016 (Zhang et
al. 2019). In most parts of Canada, mean winter tempera-
tures have increased more than summer temperatures. These
changes in average annual and seasonal temperatures have
been linked to longer growing seasons and fewer frost days
across the country as well as reduced snowpack in BC and
increased wildfire events in AB (Zhang et al. 2019). Current
projections suggest that mean temperatures will continue
to increase until at least 2050, at which point they are pro-
jected to plateau or continue to increase depending on the
emission scenario. Northern areas of Canada are expected to
have a greater increase in winter temperatures than south-
ern regions, and Arctic regions of Canada are projected to
warm above two times the rate of global surface temperature
(Zhang et al. 2019).

Thomas et al. found that 35% of waterborne outbreaks in
Canada between 1975 and 2001 occurred between June and
August, suggesting a link between temperature and micro-
bial water safety (Thomas et al. 2006). The underlying rea-
sons for diminished water safety in warmer months is likely
complex, encompassing impacts on distributed water qual-
ity and indirect effects related to source water quality, water
treatment efficacy, and distribution system infrastructure.

Higher temperatures will increase evaporation rates, pos-
sibly leading to diminished surface water and groundwater
volumes, both of which could affect the amount of water

available for human consumption. These processes have
been observed elsewhere in the world, but it is unclear how
the competing trends of higher temperatures and increased
precipitation will balance out in different parts of Canada
(Bonsal et al. 2019).

It is predicted that higher surface water temperatures
will indirectly increase water pollution such as sediment,
nutrients, dissolved organic carbon, pathogens, pesticides,
and salt (Bates et al. 2008). These effects are discussed in
later sections. Increased temperatures can also increase the
growth of harmful algal blooms, which in turn increases the
amount of organic matter in surface water sources (Mosley
2015). Any change in source water quality requires treat-
ment changes; many treatment plants, especially those in
smaller communities, may be unable to accommodate these
changes.

Increased temperatures can also influence buried infras-
tructure, mostly in indirect ways. Distribution pipe failure
is a complex process, but it has been widely reported that
some pipe materials (iron, ductile iron, and steel) are most
likely to fail during cold months due to increased frost loads,
while asbestos cement pipes fail more often during hot and
dry months due to decreased soil moisture (Kleiner and Ra-
jani 2002; Harvey et al. 2014; Khan et al. 2015; Barton et al.
2019; Wols et al. 2019). Thus, the type and timing of pipeline
failures may change in the future as extreme weather events
increase (Barton et al. 2019). Soil moisture effects will be fur-
ther explored in the subsections below related to extreme wet
weather and droughts.

Finally, increased average temperatures can directly neg-
atively impact distributed water quality. In most communi-
ties in Canada, secondary disinfectants such as free chlorine
are used to prevent microbial regrowth in the distribution
system and to provide a measure of distributed water sta-
bility (Health Canada 2020). The rate of decay of free chlo-
rine increases in warmer conditions (Jadas-Hécart et al. 1992;
Fisher et al. 2012; Health Canada 2021) and depending on
the initial disinfectant dose and the chemical characteristics
of the water may double for every 4-10°C temperature in-
crease (Fisher et al. 2012). The effects of increased tempera-
ture on free chlorine decay can be mitigated by increasing
the initial chlorine dose or by boosting the chlorine residual
at different points in the distribution system. Nitrifying bac-
teria and some opportunistic pathogens thrive at higher am-
bient temperatures, while other microorganisms, including
many enteric pathogens, survive longer at cooler tempera-
tures (Health Canada 2021).

Projected increases in temperatures across Canada may in-
crease BWAs indirectly because of deteriorated source water
quality and(or) quantity and directly by increasing the likeli-
hood of low disinfectant residuals and microbial regrowth in
distribution systems.

3.2. Flooding due to extreme wet weather and

changes in snow and ice cover
Precipitation data have not been tracked as comprehen-
sively as temperature data in Canada, particularly in north-
ern Canada, and precipitation has higher spatio-temporal
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variability than long-term temperature trends (Zhang et al.
2019; Bush et al. 2022). As a result, although there is evi-
dence that the average amount of precipitation experienced
across the country has increased since 1900 in many parts of
Canada, particularly in winter and spring, the magnitude of
this increase remains ill-defined (Zhang et al. 2019; Bush et al.
2022). Projections for the late 215 century (2081-2100) show
a very high probability of an increase in frequency, intensity,
and amount of heavy precipitation events, particularly in the
winter and the spring, in many regions in Canada. Current
projections show increases in both pluvial flooding (“flash
floods”) and annual streamflow and associated fluvial flood-
ing (river flooding) due to increased precipitation (Bush et al.
2022).

Rain and flooding can change surface and groundwater
quality, which can have negative downstream impacts on
water treatment and distribution infrastructure. Waterborne
disease outbreaks have been linked to heavy rainfall events
(Thomas et al. 2006; O’Dwyer et al. 2016). A recent desktop
study from the International Joint Commission demon-
strated that reports of acute gastrointestinal illness (AGI)
increased in three major cities in the Great Lakes Region 1-
4 weeks after a major rainfall event (IJC 2021). A review of 46
extreme weather case studies in Australia and the USA iden-
tified heavy rainfall as the most common cause of degraded
source water quality and determined that it had a greater
range of potential impacts on water utilities than other
extreme weather events (Khan et al. 2015). Heavy rainfall can
result in sewer overflow events and(or) stormwater influx
into surface water sources, leading to poorer water quality
downstream (Bertone et al. 2016; Thompson and Dickenson
2021). Heavy precipitation can also increase the transport of
soil and debris into surface water supplies (Moffatt and Struck
2011), resulting in increased turbidity and sediment con-
centration. High turbidity has been associated with higher
levels of contamination, such as parasites, viruses, and other
pathogens (Bertone et al. 2016). It also increases coagulant
demand, increases filter backwash frequency, and shields mi-
croorganisms from UV inactivation (Cantwell and Hofmann
2008). Groundwater supplies can also be negatively affected
by extreme wet weather events—a comprehensive literature
review by Andrade et al. identified 14 peer-reviewed studies
linking increased flood frequency and intensity to ground-
water contamination and waterborne disease outbreaks in
high-income countries (Andrade et al. 2018).

Increased frequency and severity of wet weather and asso-
ciated flooding can also have indirect effects on source water
that have negative downstream impacts on water treatment
unit processes and distributed water quality. There is clear
evidence of increased concentration of natural organic mat-
ter (NOM), often referred to as browning, in water bodies in
the northern hemisphere over the past 30 years. Some of this
browning has been conclusively linked to de-acidification of
lakes in the wake of controls on industrial sulfur emissions
(Anderson et al. 2016; de Wit et al. 2016; Meyer-Jacob et al.
2017), but increased frequency and severity of wet weather
events have also been identified as contributing factors
(de Wit et al. 2016). Climate change is likely to exacerbate
this trend. Williamson et al. demonstrated how heavy rain
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changed both the quantity and character of NOM in a tribu-
tary to Lake Michigan (Williamson et al. 2017), while Zhou et
al. demonstrated that rainstorms increased the transport of
hydrophobic and aromatic NOM into a surface water supply
in China (Zhou et al. 2020). A preliminary study by Neil et al.
reported changes in the reactivity of NOM in raw surface wa-
ter over the course of a storm event and linked it to changes
in the potential for the formation of regulated disinfection
by-products (DBPs) (Neil et al. 2019). NOM quantity and char-
acter, particularly its hydrophobicity and optical properties,
can affect the efficacy of coagulation, flocculation, filtration,
UV inactivation, and chemical disinfection processes (Linden
and Darby 1998; Hurst et al. 2004; Crittenden et. al 2012;
Anderson et al. 2016), any of which could potentially con-
tribute to microbial breakthrough into the treated water if
they are not addressed through operational changes, namely
increased coagulant dose, increased filter backwashing
rates, increased UV fluence, and(or) increased concentration
and(or) contact time for chemical disinfectants.

Flooding has been linked to power shutdowns, pressure
fluctuations, and contamination in water distribution sys-
tems. Pumping stations, which rely on electrical components,
are particularly vulnerable to flooding (Arrighi and Tarani
2017). The corrosivity of soil, which can drive external cor-
rosion and eventual failure of buried pipes, is impacted by
moisture content, with wetter soils more likely to contribute
to corrosion than drier soils—though this relationship is not
linear and is influenced by soil type (Wasim et al. 2018). Ele-
vated soil moisture can also contribute to pipe failure by in-
creasing the volume of clay and other expansive soils, which
compresses buried pipes (Clark 1971; Chan et al. 2015). Other
distribution system components, including valve chambers,
can be flooded and impacted by contaminated runoff during
rain events (Ebacher et al. 2013).

In short, projected increases in precipitation may increase
the likelihood of BWAs directly by causing more distribution
system infrastructure breakdowns and indirectly by increas-
ing source water contamination and negatively impacting
water treatment system operation.

At high latitudes and elevations, global warming has al-
ready changed the spatial and temporal distribution of snow
and ice (Taylor 2013; Bonsal et al. 2019). Warmer winter tem-
peratures result in less snow accumulation and earlier melt-
ing of snow, as well as more winter precipitation, including
“rain on snow” events (Taylor 2013; Bonsal et al. 2019). To-
gether, these factors may change the intensity and seasonal
distribution of fluvial flooding events. The Centre for Climate
Change Research lists the risk of increased snow melt-related
fluvial flooding as undetermined, though its authors state
that based on existing evidence it is likely that as average
temperatures increase, these floods will occur earlier in the
year (Bonsal et al. 2019). Fluvial flooding can overwhelm wa-
ter treatment and distribution infrastructure that has been
built in the stream floodplain, causing treatment and(or) dis-
tribution system infrastructure failures and ultimately lead-
ing to increased water safety risk related to distributed water.
Thomas et al. (2006) reviewed a data set that included 92 wa-
terborne outbreaks in Canada between 1975 and 2001 and
observed a peak in March (Thomas et al. 2006), a month that
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corresponds to the spring freshet in many parts of Canada.
Changes to the timing of melt-related fluvial flooding may
result in a change to the seasonal distribution of BWAs.

3.3. Coastal flooding: sea level rise, storm

surge, and convective storms

Coastal flooding is expected to increase in Canada as a re-
sult of climate change (Greenan et al. 2019) and has many of
the same impacts on water infrastructure as pluvial and flu-
vial flooding (damaged infrastructure, power outages, sewage
overflow, etc.) along with additional effects on aquifers and
surface water quality (Su et al. 2022). Coastal flooding can
be caused by sea level rise or storm surge related to severe
coastal storms (e.g., tropical cyclones, commonly referred to
as hurricanes in North America) (Greenan et al. 2019).

Relative sea level rise is a function of multiple
phenomena—global sea level rise due to increasing lig-
uid water volume due to melting glaciers and ice sheets;
the thermal expansion of water due to increased temper-
atures; and vertical land movement in coastal areas (Bush
and Lemmen 2019). Climate change projections suggest that
the relative sea level will increase by more than 75cm in
some parts of Atlantic Canada, with lower but nonetheless
substantial increases on the coasts of the Pacific Ocean
and the Beaufort Sea. Relative sea level is expected to
fall in many parts of Arctic Canada because of land uplift
(Greenan et al. 2019), depending on the emission reduction
scenario (Bush and Lemmen 2019). Sea level rise, along
with decreased freshwater flows, have contributed to sea
water intrusion into surface water supplies and unconfined
coastal aquifers (Lassiter 2021). Sea level rise has also been
linked to groundwater flooding (Rotzoll and Fletcher 2013).
Aquifers experiencing groundwater flooding can interact
with buried infrastructure like sewage collection pipes and
water mains (Su et al. 2022) and has also been shown to
increase wastewater overflow events (McKenzie et al. 2021).

Storm surge, a short-term incursion of water onto the land
during coastal storms (e.g., hurricanes) and tsunamis, has
been linked to vertical infiltration of saltwater and lateral
saltwater intrusion into groundwater aquifers (Paldor and
Michael 2021) and damage to drinking water system compo-
nents (US EPA 20064, 2006b). Recent hurricanes have had doc-
umented effects on water safety in many parts of North Amer-
ica. In 2017, Hurricane Harvey made landfall in TX, causing
extensive flooding and damaging wastewater infrastructure,
which results in contamination of local surface water bodies
with fecal bacteria (Kapoor et al. 2018). Microbial contamina-
tion in private drinking water wells was also widespread in
the area (Pieper et al. 2021).

Atlantic Canada is regularly impacted by hurricanes that
travel north up the Eastern Seaboard, and past hurricanes
and tropical storms have damaged electrical grids (Chattha
2019; Snodden 2019; IBC 2021), transportation routes
(Chattha 2019), flooded wastewater infrastructure (Healey
2019), and BWAs in the region (Ward and Roberts 2022).
Hurricane Fiona, which hit Atlantic Canada in September
2022, was described as a “historic extreme event” to impact
Canada (BBC News 2022) and was reported to cause more

than $385 million in damages to NS and $220 million in
damages in PE (CBC News 2022). Hundreds of thousands
of people in communities impacted by the storm were left
without power for multiple days (BBC News 2022). In prepa-
ration for the storm, the government of NS advised users
of non-municipal drinking water sources to boil their water
for one minute before consumption (Nova Scotia 2022). Al-
though there is some evidence that hurricanes are increasing
in severity and impact in many parts of the world as a result
of climate change, the 6th IPCC report listed the strength of
this evidence as low because of limited availability of historic
data (O’Neill et al. 2022). For the same reason, the recent
impacts of climate change on coastal storms in Canada are
not well characterized (Greenan et al. 2019). Should the
frequency and severity of hurricanes increase in Atlantic
Canada, source water, water treatment, and water distribu-
tion infrastructure risks associated with heavy rainfall and
high winds will increase as well, along with the BWAs that
are used to communicate these risks. Indeed, the severity
and magnitude of Hurricane Fiona serves as a possible indi-
cation of how more intense storms fuelled by higher ocean
temperatures related to climate change might impact water
infrastructure in the Atlantic Region (Mulligan 2022).

Lightning, tornadoes, hail, and high winds can be gener-
ated during severe convective storms, often along with heavy
precipitation. The impacts of convective storms on infrastruc-
ture include power outages at water treatment plants and
pumping stations, reduced structural integrity of dams, rup-
ture of water lines and storage tanks, and flooding of treat-
ment plant infrastructure (Khan et al. 2015; Bertone et al.
2016). High winds have been linked to increased pipe fail-
ure due to disturbances caused by uprooted trees (Wols et
al. 2019). High winds can also indirectly impact water treat-
ment and distribution infrastructure by damaging electrical
infrastructure and buildings (Swanson et al. 2021). Lightning
strikes can also spark forest fires, spawning contaminant
spikes in source water, treatment challenges, and in some
cases, compromised distributed water quality as described
earlier. The most recent IPCC report describes the evidence
for increased incidence of convective storms as “low” because
of a lack of historic data and the complexity of the atmo-
spheric processes that give rise to these storms but also notes
that some of the conditions that give rise to these storms,
namely high temperatures and moist air, are projected to in-
crease in the future (Lawrence and Mackey 2022). Canada’s
Changing Climate Report makes only a single, non-specific
mention of severe weather events associated with convective
storms. As such, although convective storms have the poten-
tial to negatively impact all built aspects of drinking water
systems, it is unclear whether these risks will increase in the
future due to climate change.

3.4. Drought

Increased temperature and changing precipitation pat-
terns can lead to droughts, which may decrease water source
water quantity and lower water quality in the remaining
water (Kolijn 2021). Historical climate records do not in-
dicate an increase in droughts in Canada. Climate change
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projections for Canada predict increases in average tempera-
tures that will increase evapotranspiration in summer and
decrease snow accumulation in the winter, potentially in-
creasing drought risk. There is more robust evidence indi-
cating that some regions, including the Canadian Prairies
and parts of BC, will experience more severe and persistent
droughts (Bonsal et al. 2019; Bush et al. 2022).

Although the transport of nutrients, organics, and turbid-
ity into surface water bodies is often reduced in droughts,
these parameters can accumulate on the land during the
drought only to be delivered to drinking water sources when
flow and catchment runoff return post-drought (Mosley 2015;
Kolijn 2021). Water treatment processes are designed based
on historic water quality data, and a sudden influx of con-
taminants and change in water quality can reduce treat-
ment efficacy. Another potential effect of drought on source
water quality and treatment efficacy is the increased influ-
ence of stormwater and treated wastewater effluent. De facto
wastewater reuse increases during droughts as streamflow is
reduced and stormwater and(or) treated wastewater effluent
make up a larger proportion of the total volume or flow in
surface water supplies (Benotti et al. 2010; Rice et al. 2013;
Rice and Westerhoff 2015). A model developed by Rice and
Westerhoff predicted that in periods of very low streamflow,
the average de facto reuse increased, on average, from 3.6%
to 46% at the 80 drinking water intakes included in the anal-
ysis and that these effects are most likely to be felt at water
treatment plants that rely on smaller streams as their water
supplies (Rice and Westerhoff 2015).

Droughts also reduce the moisture content of soil, reduc-
ing soil volume (shrinkage) and allowing deeper frost pen-
etration into soils (Kleiner and Rajani 2002). In some parts
of Canada, increased pipeline breaks have been reported be-
tween September and January in the wake of particularly dry
summers because of changes in soil volume that exert pres-
sure on buried pipes (Baracos et al. 1955). This is in line with
more recent findings from elsewhere in the world (Chan et
al. 2015; Barton et al. 2019). Other regions of Canada have
recorded higher numbers of pipe breaks during winters that
follow dry summers due to increased potential for frost pen-
etration into drier soils (Kleiner and Rajani 2002). Soil mois-
ture content can also drive external corrosion of pipes, and
drier soils are generally thought to be less corrosive to buried
pipes than wetter soils (Wasim et al. 2018). Taken together,
the studies cited above suggest that the projected increased
frequency and severity of droughts in some parts of Canada
may increase the likelihood of pipe failure due to soil mois-
ture changes in these regions, though this might be offset
to some degree by reduced soil corrosivity and a decreased
number of frost days and diminished frost penetration.

3.5. Wildfires

Wildfires are a natural part of many forest ecosystems;
however, higher temperatures, prolonged droughts, and
other climatic changes can lead to larger, more severe wild-
fires and are a threat to forest watersheds globally (Hohner et
al. 2019). The forest fire weather index (FWI) combines infor-
mation about temperature, precipitation, and other weather
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variables to determine the likelihood that a forest fire will oc-
cur and(or) spread (Zhang et al. 2019). The majority of wildfire
impacts on water source and quality are experienced during
heavy rainfall events following the fire (Khan et al. 2015).
Intense storms following forest fires dramatically increase
surface runoff, washing away ash and soil into receiving
waterbodies (Hohner et al. 2019). Wildfires can expose soils
to sediments, nutrient, metal, and NOM (Hohner et al. 2019).
This can impact the vegetation, soils, and watersheds that
regulate water supply sources and can cause challenges for
downstream drinking water treatment plants (Hohner et al.
2019). Forest fires may release large amounts of gradually
accumulated contaminants such as arsenic, aluminum,
cadmium, chromium, iron, lead, mercury, sulfate, chloride,
calcium, magnesium, manganese, barium, sodium, and
potassium in sediment and runoff streams (Khan et al. 2015);
this can have significant impacts on downstream rivers and
have design, operation, and cost implications of drinking
water treatment facilities (Emelko et al. 2011). For example,
following a wildfire near Los Angeles, CA, concentrations
of many trace metals such as lead and cadmium were three
times higher than the pre-fire concentrations (Khan et al.
2015). Hohner et al. determined that post-fire precipitation
events increased turbidity and dissolved organic carbon
(DOC), causing significant treatment challenges and leading
to the closure of the water intake, that these high-DOC
residuals led to the increased formation of DBPs such as total
trihalomethane and five regulated haloacetic acids, and that
aromatic DOM remained in the treated water (Hohner et
al. 2019). Fires can also increase the amount of sediment in
surface water supplies, leading to costly restoration activities
(Bladon et al. 2014). Overall, the projected increase in the
FWI in some parts of Canada (Zhang et al. 2019) may increase
the number of forest fires and thus the number of BWAs that
are indirectly related to source water quality.

3.6. Permafrost degradation

Approximately 40% of Canada’s landmass is underlain
by permafrost (Cohen et al. 2019). Although only a small
proportion of the Canadian population lives in these areas,
the communities that do are generally small, remote, and
have limited water treatment and thus are highly vulnerable
to water safety hazards. Past studies have linked permafrost
degradation to changes in particulate, NOM, nutrient, and
ionic species concentrations in surface water as well as
changes to aquatic ecosystems (Thienpont et al. 2013;Abbott
et al. 2015; Vonk et al. 2015; Miner et al. 2021). The direc-
tion and timeline of these changes depend upon ground
ice volume and the characteristics of the surrounding soils
(Abbott et al. 2015; Vonk et al. 2015). As described previ-
ously, changes in source water quality can challenge water
treatment processes, rendering them less effective and(or)
requiring expensive equipment upgrades or operational
changes. A recent study by Elliott et al. linked seasonal
spikes of chloride, conductivity, and hardness in a source
water used by a community in NU, Canada, to permafrost
thaw and subsequent mobilization of salts in the marine sed-
iments surrounding the water source. The community was
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required to install costly water treatment equipment (reverse
osmosis membranes) to achieve treated water-quality goals
(Elliot et al. 2022). In some regions, permafrost thaw may
also result in the release of accumulated chemical contami-
nants such as mercury (Vonk et al. 2015; Schaefer et al. 2020;
Miner et al. 2021) and legacy industrial chemicals (Miner et
al. 2021) into surface water. Although these contaminants
will not result in BWAs, they could result in negative health
outcomes related to exposure to dangerous chemicals as
well as DNC orders that diminish users’ confidence in the
water provided to them. Permafrost degradation results
in heaving and slumping of the surrounding soil and has
the potential to damage surface and buried infrastructure,
including drinking water distribution systems and sewage
collection systems. This could result in increased pipe breaks
and pressure loss in water distribution systems as well as
cross contamination of distributed water by sewage seeping
from broken sewer lines (Swanson et al. 2021). In summary,
based on current projections, permafrost degradation should
be considered an important drinking water hazard that may
increase the total number of BWAs occurring in future years.

3.7. Summary

Canada has seen and will continue to see an increase in fre-
quency and intensity of extreme weather events, such as ex-
treme temperatures, severe wet weather events, floods, wild-
fires, and permafrost degradation. These will change and in
many cases increase and exacerbate challenges related to sur-
face water, groundwater supplies, and drinking water treat-
ment and distribution infrastructure. The impacts of these
events on the factors that result in the issuance of BWAs
(poor distributed water quality, damaged distribution infras-
tructure, and malfunctioning treatment equipment) will be
mostly indirect and often complex, requiring the use of
holistic and multipronged strategies to ensure that water re-
mains safe despite projected climate changes. Table1 sum-
marizes the observed changes caused by the mentioned cli-
mate change phenomena, as well as their potential impacts
on drinking water.

4. Analysis of CNPHI BWA data

Our analysis of the CNPHI data explored the number and
trends in BWAs in Canada from 2005 and 2020. Our central
hypotheses were

e Small and very small communities will be more likely to
have experienced BWAs, repeat BWAs, and long-term BWAs
than larger communities

* In keeping with common media narratives in Canada, most
BWAs will have been linked to treatment failures and dis-
tributed water quality

* The reasons why BWAs are called will have varied season-
ally because of seasonal temperature, moisture, and precip-
itation trends

4.1. Population
Figure 1 illustrates the primary reasons for BWA reasons in
communities of different sizes, with aggregated results from

across Canada. Smaller communities have a disproportion-
ally higher frequency of BWAs, with communities of up to
100 and 500 residents experiencing more than 2000 BWAs
over the study period. Similarly, communities with up to
1000 and 5000 residents also have a relatively high occur-
rence of BWAs compared to larger communities. Further-
more, Fig.1 shows that the most frequent primary reasons
for the issuing of BWAs are “line break or pressure loss in dis-

» » o«

tribution system”, “planned maintenance”, “equipment fail-
ure”, “total coliforms detected”, and “power outage”. In small
communities (up to 100, 500, 1000, and 5000 residents), “line
break of pressure loss in distribution system” counts for the
majority of the primary reason for BWAs, followed by “power
outage”. This is in contrast to the common media narrative
in Canada that BWAs are called because of treatment failures
and(or) that pathogens have been detected in distributed wa-
ter.

4.2. Water supply type

Nearly all of the BWAs in the CNPHI database were called
in systems supplied by surface water (37%) and groundwater
(49%) as depicted in Fig. 2. The Biennial Drinking Water Plants
Survey (BDWPS) results from 2019 indicated that 86% of Cana-
dians get their water from municipal drinking water plants,
87% are served by plants supplied by surface water, 11%
by plants supplied by groundwater, and 2% with GUDI sup-
plies. The BDWPS only collects information from communi-
ties with more than 300 inhabitants (Statistics Canada 2022)
and therefore does not include information related to some
of the smaller communities in the CNPHI BWA database. In
the CNPHI database, groundwater-supplied systems were re-
sponsible for more than 11% of BWAs in communities with
500 or more people, indicating that municipal water sys-
tems supplied with groundwater have a disproportionately
higher number of BWAs than those supplied by surface wa-
ter. The results in Fig. 2 also indicate that irrespective of the
water source type, the leading reasons for the issuing of BWAs
is a line break or pressure loss in the distribution system,
planned maintenance, equipment failure, inadequate disin-
fection, and power outage.

4.3. Long-term and repeat BWAs

Figure 3 illustrates that the longestrunning BWAs were
issued in smaller communities (population < 500), verifying
the hypothesis that smaller communities experience the
longest BWAs. Ninety-three percent of BWAs lasting between
5 and 15 years are in communities serving less than 500 peo-
ple, and 82% of advisories lasting between 1 and 5 years were
also in communities serving less than 500 people. 14.6% of
advisories between 8 and 60 days were in communities serv-
ing between 501 and 1000 people, with the remaining 76.8%
and 13.3% in communities serving less than 500 people and
more than 1000 people, respectively. Figure 3 also illustrates
that many of these BWAs lasted for over 1000 days, with some
extending for up to 5125 days—that is about 3 years and over
13 years, respectively.

Figure 4 demonstrates that repeat BWAs are also common
in small communities in Canada. The most common cause
of repeat BWAs was a line break in the distribution system,
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Table 1. Summary of potential impacts of climate change on drinking water safety.

Observed or projected changes

Impacts on drinking water

Increasing temperatures

Flooding due to extreme wet
weather and changes in snow
and ice cover

Changes in snow and ice cover

Coastal flooding: sea level rise,
storm surge and convective
storms

Drought

Wildfires

® Increase in annual mean surface temperature
(Zhang et al. 2019)

® Arctic regions to warm above two times the
global rate (Zhang et al. 2019)

* High probability of increase in frequency,
intensity, and amount of heavy precipitation

* Increase in pluvial flooding, annual streamflow,
and fluvial flooding (Bush and Lemmen 2019)

® Changes in spatial and temporal distribution of
snow and ice (Taylor 2013; Bonsal et al. 2019)

® Less snow accumulation, earlier melting of
snow, more winter precipitation (Taylor 2013;
Bonsal et al. 2019)

® Coastal flooding is expected to increase
(Greenan et al. 2019)

* Coastal flooding caused by sea level rise or
storm surge (Greenan et al. 2019)

* Sea level rise due to increasing liquid water
volume due to melting glaciers (Bush and
Lemmen 2019)

® Relative sea level expected to fall in Arctic
Canada because of land uplift (Greenan et al.
2019)

* Increase in severity and magnitude of intense
storms (Mulligan 2022)

® Increased temperature and changing
precipitation leads to droughts (Luh et al. 2015;
Kolijn 2021)

® Canadian Prairies and BC will experience more
severe and persistent droughts (Bonsal et al.
2019; Bush et al. 2022)

* Reduced moisture content and volume of soil,
allowing for deeper frost penetration into soils
(Kleiner and Rajani 2002)

* Higher temperatures and prolonged droughts
lead to larger and more severe wildfires (Hohner
et al. 2019)

® Increase in FWI project increases the number of
forest fires (Zhang et al. 2019)

® 35% of waterborne outbreaks occurred between
June and August (Thomas et al. 2006)

® Diminished surface and groundwater due to
evaporation (Bonsal et al. 2019)

* Warm temperatures increase chlorine decay
(Jadas-Hécart et al. 1992; Fisher et al. 2012; Health
Canada 2021)

* Waterborne diseases linked to heavy rainfall
(O’Dwyer et al. 2016; Thomas et al. 2006)

Sewer overflow from heavy rainfall (Bertone et al.
2016; Thompson and Dickenson 2021)

® Heavy precipitation increases the transport of soil
and debris into surface water (Moffatt and Struck
2011)

Increased turbidity, causing increase in
contamination (Bertone et al. 2016)

Changed both the quantity and character of NOM
(Williamson) (Zhou et al. 2020)

Flooding causing power outages impacting
infrastructure (Arrighi and Tarani 2017)
Flooding can overwhelm water treatment and
distribution infrastructure (Thomas et al. 2006)

¢ Impacts on water infrastructure and additional
effects on aquifers and surface water quality (Su et
al. 2022)
Sea level rise causing groundwater flooding (Pieper
et al. 2021)
Aquifers experiencing flooding can interact with
buried infrastructure like sewage pipes and water
mains (Su et al. 2022)
® Storm surge linked to vertical infiltration of
saltwater and lateral saltwater intrusion into
groundwater aquifer (Paldor and Michael 2021) and
damage to drinking water systems (US EPA 2006A)
Hurricanes and intense storms causing extensive
flooding and damage to wastewater infrastructure
resulting in contamination of surface water bodies
(Kapoor et al. 2018)
¢ High winds causing increased pipe failure and
indirectly impacting water treatment and
distribution infrastructure through damaged
electrical infrastructure (Wols et al. 2019; Swanson
et al. 2021)

Post-drought rainfall events can deliver nutrients,
organics, and turbidity into water sources (Mosley
2015; Kolijn 2021)

Increased likelihood of pipe failure due to soil
moisture (Baracos et al. 1955; Kleiner and Rajani
2002)

L]

® Heavy rainfall post-wildfire impact water source
and quality (Khan et al. 2015)

® Ash, soil, sediment, nutrient, and NOM exposed
from fire runoff into waterbodies (Hohner et al.
2019)

¢ Large amounts of gradually accumulated

contaminants are released into streams, which can

impact treatment facilities (Emelko et al. 2011;

Khan et al. 2015; Hohner et al. 2019)

Increase in surface water sediment (Bladon et al.

2014)
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Table 1. (concluded).

Observed or projected changes

Impacts on drinking water

Permafrost degradation
increased temperatures

¢ Increase in permafrost degradation due to

® Changes in particulate, NOM, nutrients, and ionic
species in surface water (Thienpont et al. 2013;
Abbott et al. 2015; Vonk et al. 2015;Miner et al.
2021)

® Permafrost degradation linked to changes in

chloride, conductivity, and hardness in source

water (Elliot et al. 2022)

Release of accumulated mercury and industrial

chemicals into surface water (Vonk et al. 2015;

Schaefer et al. 2020; Miner et al. 2021)

® Can cause increase in pipe breaks and pressure loss
in distribution systems (Swanson et al. 2021)

Fig. 1. Primary reason(s) for calling BWAs in Canadian jurisdictions based on the population of the affected area.
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with some small communities experiencing upwards of 40
repeat BWA due to line breaks during the 15-year span rep-
resented by the data. Other common causes of repeat BWAs
included inadequate disinfection residual, turbidity, and to-
tal coliforms.

4.4. Trends over time

Temporal trends in two important categories of BWAs,
those related to breakdowns in the distribution system and
those related to distributed water quality, were explored
in more detail using X12 ARIMA decomposition followed
by the Mann-Kendall test. Figure5 shows the top three
secondary reasons listed in the CNPHI database for BWAs
with the primary reason being line break or pressure loss.
These three secondary reasons accounted for 76% of all
BWAs associated with this primary reason. Each of these

10

2000

had a statistically significant increasing trend over time.
Planned system maintenance and, to a lesser extent, infras-
tructure failure or damage have steeper trends than power
outage.

Statistically significant temporal trends were also apparent
in the four primary BWA reasons associated with distributed
water quality: E. coli, total coliforms, turbidity, and inade-
quate disinfectant residual (Fig. 6). The number of BWAs is-
sued due to E. coli, total coliforms, and turbidity increased
over the study period, and the number issued due to inade-
quate disinfectant residual decreased.

The significant trends observed in this analysis are likely
related to changes in how BWAs were issued, recorded,
and reported to CNPHI over the study period but may also
be linked to climatological changes over the study period.
Jurisdiction-specific analysis is required to confirm whether
seasonal BWA patterns have shifted over time in response
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Fig. 2. Primary reasons for issuing BWAs in Canadian jurisdictions based on water source type and population.
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to documented changes in climate in different regions in
Canada.

4.5. Seasonal effects

Many of the underlying causes of BWAs are influenced by
temperature and other seasonal factors, so it was expected
that some of the BWA reasons would show seasonal patterns.
Fig. 7 shows the number of BWAs issued due to line break
and pressure loss between 2005 and 2020 broken out by sec-
ondary reason and month. Seasonality was explored using
two statistical methods: significance testing with the autocor-
relation function and isolation of the seasonality component
using X12 ARIMA decomposition.
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Figure 8 shows the X12 ARIMA seasonal component of the
time series for each of these secondary reasons. Each of
the secondary reasons had a statistically significant seasonal
component based on the autocorrelation function. BWAs re-
lated to infrastructure failure or damage were mostly issued
between February and June, with a peak in March and April.
This period coincides with cold weather (February to March)
and spring thaw (March to May) in many parts of Canada, con-
ditions that would be expected to give rise to infrastructure
damage (Kleiner and Rajani 2002). This was reflected in the
significant seasonality observed in this BWA reason, though
the strength of the seasonal component decreased with time
(i.e., lower seasonality in recent years compared to 2010-
2014). This may be due to changing seasonal weather patterns
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Fig. 3. Short- and long-term drinking water advisories by population.
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Fig. 4. Number of repeat BWAs in each community broken out by primary reason and population size. Each dot represents
the number of repeat BWAs that have been issued in a given community for a specific primary reason.
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and(or) related to changing BWA criteria reported in different
jurisdictions.

Precautionary BWAs issued ahead of planned system main-
tenance ramped up in late spring into midsummer and
peaked during the late summer and early autumn, and a
consistent, strong, statistically significant seasonal effect was
observed, peaking in October every year. This pattern might
reflect the progression of the “construction season” in many

12

parts of Canada. It is recommended that this trend be con-
firmed through consultations with water utilities in future
studies.

Lastly, the incidence of BWAs related to power outages was
highest in June and July, which corresponds to the highest
frequency of extreme wet weather and electrical storms in
many parts of Canada. Interestingly, the seasonal trend for
BWAs caused by power outages shifts from peaking in June
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Fig. 5. The X12 ARIMA trend component of the three sec-
ondary reasons for BWAs issued due to line break or pressure
loss.
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to peaking in July, with a decreasing seasonal effect with
time.

Figure 9 suggests that BWAs associated with distributed wa-
ter quality also have clear seasonal patterns. The number of
BWAs called due to the two common microbial water quality
indicators, E. coli and total coliforms, peaks in the summer
months when temperatures across Canada are at their high-
est, suggesting a link between temperature and microbial ac-
tivity in the distribution system—a reasonable finding given
that most microorganisms are known to be more active at
higher ambient temperatures. Based on the autocorrelation
function, both E. coli and total coliforms had a statistically
significant seasonal component. The X12 ARIMA test was not
performed for these BWA reasons because it requires a con-
tinuous time series and there were multiple years where no
BWAs were called due to E. coli or total coliforms.

Unlike the microbial indicators, turbidity-related BWAs
were common in both the spring and summer months (Fig. 9).
The data demonstrated significant seasonality, with BWAs
called due to turbidity peaking in April between 2005 and
2013 and in later years breaking into multiple peaks across
the spring and summer months (Fig. 10). March to May corre-
sponds to the spring freshet and higher precipitation levels in
many parts of Canada. Both phenomena are associated with
higher levels of particulate matter in source water.
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The decay of free chlorine and other secondary disinfec-
tants is accelerated at higher temperatures (Crittenden et. al
2012), increasing the chance that disinfectant residuals will
be below required levels in warmer months. A statistically
significant seasonal trend peaking in the summer months
was observed for BWAs issued due to inadequate disinfection
residual, as shown in Fig. 10. The cause of the October peak
for this BWA reason is unclear.

While intuitive, the seasonal trends discussed in this sec-
tion should be explored and confirmed on a region-to-region
basis by cross-referencing BWA data from specific jurisdic-
tions with information about regional climate trends. Over
time, shifting climatological phenomena are expected to pro-
duce corresponding shifts in the seasonal patterns in BWAs,
though the magnitude and timing of these seasonal effects
may vary from one region to the next. This variation, coupled
with the anonymous (i.e., location-free) nature of the CNPHI
data set, make it difficult to decisively link BWA frequency
and reasons with seasonal phenomena.

5. Discussion

5.1. Population

A small system is defined as a drinking water system
serving less than 5000 people, according to Health Canada
(Galway 2016). A common observation in past studies has
been the large number of long-term and repeat BWAs, par-
ticularly in small communities (Lane and Gagnon 2020), and
that long-term BWAs occur most often in small water systems
(Edwards et al. 2012). Indeed, previous work by others has
shown that between 2010 and 2012, 98.5% of BWAs listed
in the CNPHI database were issued to systems serving 5000
people or less, and 88.5% of advisories were issued to systems
serving 1000 people or less (Health Canada 2015). These
percentages are in line with our findings and with data from
2021 that was recently published by Environment and Cli-
mate Change Canada (2022). Small water systems commonly
lack access to funding, resources, and trained personnel
(Edwards et al. 2012). In recognition of the interrelated logis-
tical, operational, and financial capacity issues faced by small
communities, very small water and(or) remote systems are
held to less rigorous treatment standards in some Canadian
jurisdictions. For example, in the northern territory of NU,
24 out of 25 communities have fewer than 5000 residents
and 50% of communities rely exclusively on chlorination (no
filtration) for water treatment (Elliot et al. 2022). In NL, water
treatment in approximately 65% of communities is limited
to chlorination (Newfoundland Labrador 2022). Exclusive
reliance on chlorination for drinking water treatment has
been linked to higher incidence of AGI in Canada (Murphy et
al. 2016). Other jurisdictions in Canada (e.g., ON) expect small
municipal systems to achieve the same treatment objectives
as larger municipal systems through a combination of fil-
tration and disinfection (Safe Drinking Water Act 2002), but
small and remote municipalities often face additional chal-
lenges achieving these (Hrudey et al. 2006; Castleden et al.
2015). This puts small water systems at a higher risk of enteric
waterborne disease resulting from inadequate treatment and
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Fig. 6. The X12 ARIMA trend component of the four primary reasons for BWAs called due to distributed water quality.
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Fig. 8. The seasonal component of the three secondary rea-
sons for BWAs called due to line break or pressure loss.
Lighter lines refer to earlier years and darker lines to more
recent years.
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infrastructure, poor source water quality, and insuffi-
cient operations and maintenance (Edwards et al. 2012).
The residents of these communities must also engage in
time-consuming and(or) expensive activities (e.g., boiling or
purchasing water) to ensure that they have access to clean
water (Health Canada 2015).

5.2. Source water impacts

Source water is rarely the direct cause of BWAs in Canada,
but particularly in communities that lack rigorous water
treatment infrastructure, it can make water treatment more
difficult and(or) expensive and in communities with limited
treatment (e.g., chlorination only) directly impact distributed
water quality. Groundwater supplies are associated with a dis-
proportionate amount of BWAs in Canada (Fig. 2), possibly be-
cause groundwater supplies are commonly used in smaller
communities and(or) because the treatment requirements for
water treatment plants using groundwater supplies are often
less rigorous than for surface water supplies (Elliot et al. 2022;
Newfoundland Labrador 2022). Groundwater is vulnerable to
contamination during floods (Andrade et al. 2018; McKenzie
et al. 2021; Paldor and Michael 2021; Su et al. 2022), and its
quantity can be impacted by drought. Small groundwater-
supplied communities in areas that are likely to be impacted
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by these coastal floods or droughts are thus particularly vul-
nerable to increased water safety hazards.

5.3. Water treatment equipment and operation

Our analysis of the CNPHI database indicated that fewer
than 5% of the BWAs issued in Canada between 2005 and
2020 were primarily linked to poor design or failure of water
treatment unit processes. Nonetheless, treatment plants that
are unable to reliably remove particulate, NOM, and other
contaminants can indirectly reduce downstream water safety
in ways that increase a community’s chance of experiencing
a BWA. Systems that rely exclusively on chlorination are
particularly vulnerable—previous research has linked these
systems to higher incidence of AGI (Murphy et al. 2016). Sim-
ilarly, climate change phenomena are likely to impact water
treatment plant equipment and operation in indirect ways.
For example, increases in the frequency and intensity of wet
weather events and wildfires are both likely to increase the
concentration and change the characteristics of NOM in ways
that will affect coagulant dosing requirements, increase DBP
formation, and(or) interfere with UV and chemical disin-
fection. Drought may increase de facto reuse of wastewater
(Rice et al. 2013; Benotti et al. 2010; Rice and Westerhoff
2015), and large rain events after droughts are likely to cause
sudden influxes of contaminants into surface water supplies
(Mosley 2015; Kolijn 2021). These changes to contaminant
loading and character are likely to tax existing water treat-
ment plants, leading to higher chemical and energy costs
and potentially more frequent treatment failures.

5.4. Water distribution system infrastructure

Our analysis of the CNPHI data set clearly indicates that wa-
ter distribution systems are the main source of water safety
risk in Canada as indicated by the number of BWAs issued
for distribution-related reasons. Precautionary BWAs are usu-
ally called when there is a line break or pressure loss in the
system because there is the potential for the pipe and(or) dis-
tributed water to become contaminated. This concern is well-
founded—a systematic review of 20 studies linked increased
incidence of AGI to low pressure and interrupted tap water
supply in water distribution systems (Ercumen et al. 2014). An
epidemiological case study in the US reported that AGI was
more prevalent in households that experienced prolonged
low pressure or full interruption of water service due to wa-
ter main breaks than comparable households that were not
impacted by these phenomena (Gargano et al. 2015).

The seasonal patterns in the secondary causes of distribu-
tion infrastructure failure described in Fig. 5 are in line with
seasonal trends reported in established literature, namely the
fact that pipe line breaks tend to peak near the end of the win-
ter season when temperatures are at their lowest (Kleiner and
Rajani 2002; Harvey et al. 2014; Barton et al. 2019). Average
temperatures, including winter temperatures, are expected
to increase in Canada due to climate change, as are the num-
ber of frost-free days (Bush and Lemmen 2019), which may
shift existing seasonal patterns in pipe breaks across Canada.
Some types of pipes, notably asbestos cement, are more likely
to fail at higher temperatures (Wols et al. 2019), and it is
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Fig. 9. Number of BWAs issued during the study period due to E. coli, total coliforms, turbidity, and inadequate disinfection

residual plotted by the month in which they were issued.
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Fig. 10. Seasonal components for BWAs issued due to elevated turbidity or inadequate disinfectant residual in the distributed
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conceivable that pipe breaks in asbestos cement pipes may in-
crease as temperatures increase in Canada and elsewhere in
the world. Increased frequency and intensity of precipitation
events and droughts due to climate change may exacerbate
changes in soil moisture content and soil conductivity, poten-
tially increasing the likelihood of pipe breakage. The interac-
tions between temperature, soil moisture content, and soil
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conductivity are complex (Kleiner and Rajani 2002; (Barton
et al. 2019), however, and it remains unclear how these phe-
nomena will interact with one another and with buried water
infrastructure as time progresses. Irrespective of these inter-
actions and their effects, ageing drinking water distribution
infrastructure is currently and will likely remain an impor-
tant source of water safety risk in Canada and the renewal
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and maintenance of this infrastructure should be a priority,
especially in smaller communities.

5.5. Distributed water quality

Increased risk of contamination of distributed water is
ultimately the underlying cause of all BWAs, whether they
are called because there is evidence of microbial contami-
nation (emergency BWAs) or when there is the potential for
contamination (precautionary BWAs). Based on our literature
review, many climate change phenomena that negatively
impact source water quality, water treatment, and distribu-
tion infrastructure integrity could have indirect effects on
distributed water quality as described in Sections 5.2-5.4 and
in Table 1.

Climate change may also have direct effects on distributed
water quality. For example, higher average temperatures can
encourage microbial regrowth and increase the rate of decay
of disinfectant residuals (Fisher et al. 2012; Health Canada
2021), and past studies have determined a disproportionate
number of waterborne outbreaks in warmer months (Thomas
et al. 2006). The seasonal trends in Fig. 6 of this study clearly
illustrate that BWAs related to microbial contamination and
inadequate disinfection residual peak in the warmest months
of the year. Whether these BWAs were directly related to
warmer conditions in the distribution system or caused by a
combination of direct and indirect factors remains unclear.
Ultimately, both emergency and precautionary BWAs, and
the increased water safety risk that they represent, will only
be minimized by holistic solutions that address both the di-
rect and multiple indirect effects of climate change on dis-
tributed water quality.

5.6. Limitations and research gaps

This is the first study to analyze a Canada-wide BWA
database and interpret it in the context of climate change.
Nonetheless, important limitations exist in this work. No-
tably, the anonymization of the data provided by CNPHI made
it impossible to analyze regional and local trends in BWAs,
to link them to existing and projected future environmen-
tal conditions, or to cross-reference the data with capital or
operational costing data. The data set also lacked informa-
tion about the design and operation of water treatment and
distribution infrastructure as well as details about operator
training and certification. Thus, important research gaps re-
main regarding the specific impacts of climate change on wa-
ter safety in different parts of Canada and the best ways to
minimize BWAs now and in the future.

6. Conclusions and recommendations

Canada has and will continue to experience an increase
in both frequency and intensity of extreme weather events,
which can directly and indirectly impact drinking water in-
frastructure and overall drinking water safety. The main
ideas and conclusions of this review can be summarized as
following:

e Climate change phenomena such as increased tempera-
tures, sea level rise, flooding, drought, forest fires, and
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permafrost thaws can have negative impacts on drinking
water sources and infrastructure.

* Most of the BWAs that were issued in Canada between 2005
and 2020 were related to the failure of distribution system
infrastructure.

e Small communities experience the most frequent, long-
term, and repeated BWAs than larger communities.

* A disproportionate number of BWAs were associated with

groundwater supplies.

Seasonal trends exist in the number of BWAs issued due to

line breaks and pressure losses in the distribution system

and distributed water quality concerns.

Thus, climate change phenomena that result in changes
in seasonal weather patterns and(or) that negatively impact
distribution system components, groundwater sources, and
small and remote communities should be front of mind for
utilities and other practitioners aiming to increase the re-
silience of their water infrastructure. Based on our analysis,
we have five recommendations for how this work could be ex-
panded and used to develop sustainable and resilient drink-
ing water solutions in Canada.

Recommendation #1: Use case studies and regional data sets to
elucidate the impacts of regulatory approaches, system design guide-
lines, and local climate projections on water safety.

Different regions of Canada have and will continue to
experience different climate extremes across various cli-
mate aspects (Bush and Lemmen 2019). The vulnerability
of each region to climate change depends on the type of
extreme weather event being considered; although national
climate change adaptation policies have been proposed, it’s
important for region-specific and locally adapted policies to
be developed to address these differences (Luh et al. 2015).
We recommend that our current analysis be expanded by
collecting and analyzing data from different jurisdictions
in Canada in collaboration with relevant governmental
bodies and other stakeholders. This would enable a more
granular exploration of the potential intersections among
water safety (as indicated by BWAs), water infrastructure,
and climate change. This would also allow for a more ac-
curate evaluation of seasonal effects without interference
from changing reporting and data collection methods. Some
jurisdictions, including NB and NL, maintain public BWA
databases on their provincial government websites (Lane
and Gagnon 2020), though the former only includes data
from 2020 to 2023 and the latter is limited to current BWAs.
In-depth historical BWA data for First Nations in Canada can
be gleaned from existing academic and industry literature
(e.g., (Neegan Burnside Ltd. 2011), and Indigenous Services
Canada maintains a list of boil water advisories called in First
Nations communities in 2022 and 2023 on their website,
but it is worth noting that in recent years important con-
cerns have been raised about Indigenous data sovereignty
(The First Nations Information Governance Centre 2019),
and these should be taken into account during any future
analysis of BWA data from Indigenous communities.

Recommendation #2: Cross-reference BWA and other water
safety data with water infrastructure costing data and socioeconomic
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indicators to better understand the cost and social impacts of climate
change on drinking water systems and water users.

The short- and long-term monetary costs of BWAs are not
well understood. We recommend that existing data related to
BWAs in Canada be disaggregated by jurisdiction and location
and cross-referenced with the cost of designing, building, and
operating water infrastructure. Data should also be collected
regarding the socioeconomic costs of BWAs, particularly re-
peat and long-term BWAs, on small communities. This infor-
mation will help governments prioritize solutions that are
most likely to increase infrastructure resilience, water safety,
community well-being, and short- and long-term emergency
preparedness planning (e.g., evacuation or forced migration
due to deteriorated water safety).

Recommendation #3: Mobilize industry expertise to develop cost-
effective and sustainable long-term water safety solutions that are re-
silient to expected climate change phenomena.

The American Water Works Association’s State of the In-
dustry Report, which collects data from water professionals
across North America, listed “renewal and replacement of ag-
ing water infrastructure” as the most important issue facing
the water industry in 2022. Long-term water supply availabil-
ity, emergency preparedness, and source water protection
were also in the top 10 (AWWA 2022). Clearly, water industry
professionals are aware of the vulnerabilities identified in
the current study and eager to contribute their expertise to
address them. We propose that this industry knowledge and
drive be harnessed to ideate climate resilient, economically
sustainable, and culturally appropriate solutions to these
problems.

Frameworks for this have already been proposed. The
Public Infrastructure Engineering Vulnerability Committee
protocol combines the expertise of professional and local
stakeholders, and location-specific climate information is
used to produce a realistic estimate of the severity of an
infrastructure-climate interaction (PIEVC 2016). The First
Nations Resilience Toolkit (FN-IRT), released in 2020, is an
example of how the original PIEVC tool can be adapted
to include important jurisdictional and cultural consider-
ations. Summaries of past PIEVC projects and an example
of the application of the FN-IRT (Stantec Consulting Ltd.
2020) can be accessed online (https://pievc.caf). Similarly,
a joint exercise between the Water Research Foundation
and the National Research Council of Canada (Imran et al.
2009) combined established water chemistry concepts with
stakeholder engagement activities to identify the potential
downstream impacts of water treatment process changes
on distribution system infrastructure and distributed water
quality. Many other models, frameworks, and consultative
processes that could be used to better understand existing
problems and develop solutions have been proposed in
the literature and by government bodies. We recommend
that these be reviewed along with the PIEVC and the Water
Research Foundation project and piloted with representative
stakeholder groups in Canada.

Recommendation #4: Harmonization of BWA policies and re-
porting procedures across Canada

Each jurisdiction in Canada, including the 10 provinces,
3 territories, and areas under federal jurisdiction, has a
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distinct set of policies, criteria, and implementation proce-
dures for BWAs. This results in a lack of consistency and gen-
eral form in the collected data and information, making it dif-
ficult to compile an accurate and consistent data set (Lane and
Gagnon 2020). Harmonization of BWA policies and record
keeping across Canadian jurisdictions is no simple matter,
but it would greatly benefit future research and policy devel-
opment. The CNPHI database is an important step in the right
direction.

Recommendation #5: Work to shift public perception of water
safety in Canada from BWAs to a more holistic and comprehensive
understanding of safe water.

The near exclusive focus on BWAs in public discourse is
problematic as BWAs do not address other water safety con-
cerns, including metals (e.g., lead), cyanotoxins, legacy in-
dustrial contamination, or endocrine-disrupting compounds.
Opening up the public conversation to include multiple wa-
ter safety concerns, instead of simply BWAs, would give the
public a better understanding of the complexity of water
quality and safety. Finally, BWAs are reactive, not proactive,
and are implemented from the top down. This is an under-
standable but nonetheless disempowering approach to wa-
ter safety that clearly is not working for many of the smallest
and most vulnerable communities in Canada. An alternative
approach is required that explicitly accounts for aesthetic wa-
ter quality, local environmental conditions, and cultural prac-
tices and preferences.
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