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ABSTRACT: Increasing weather-driven disruptions to water 4
supplies have raised growing concerns about the resilience of é:f;

drinking water infrastructure and equitable access to safe drinking

N wm ses el

water during severe weather events. This study seeks to address | weather Utility Income Racial Housing
gaps in evaluating and understanding the resilience of community Events Characteristics Class Distribution Density
water systems (CWSs) to severe weather events at regional scales, L )
including both the physical infrastructure and population served. @ @

We developed an approach that combines boil water notice

(BWN) occurrence and duration as a metric of CWS performance g—

and bottled water sales to capture community response to water — —

disruptions. We conducted multiple fixed-effects panel regressions .

to quantify relationships of these metrics to severe weather events Sdilb o Bottled Water Sales
and operational and sociodemographic characteristics using a
statewide analysis of Texas, United States from 2010 to 2022. We found that small, publicly owned, and groundwater-sourced CWSs
are most susceptible to BWNs. Winter weather and hurricanes significantly increased BWN duration by 1.6 and 1.1 days,
respectively. During weather-driven BWNS, high-income counties had a significant increase in bottled water purchasing (+30.9%)
while low-income counties did not exhibit a significant increase. This study provides a better understanding of differences in
vulnerability of CWSs to weather events and the associated response of populations served at regional scales.

KEYWORDS: water quality, drinking water systems, severe weather, boil water notices, resilience

1. INTRODUCTION While there is no single metric for drinking water system
resilience, boil water notices (BWNs) can serve as a key
performance-based metric to evaluate the resilience of drinking
water systems to severe weather events. A drinking water
system (i.e., utility or community water system (CWS)) is
required to issue a BWN (or boil water advisory) when an
event occurs that may degrade water quality. BWNs are also
precautionarily issued for low distribution pressure, water
outages, inadequate disinfectant residuals, or infrastructure
concerns to safeguard public health.'*™'® Between 2012 and
2014, over 20,000 BWNs were reported across the United
States, with half resulting from system breaks and a third from
low distribution pressure or confirmed microbial contami-
nation.'” In 2021 alone, an analysis of BWNSs issued across 20
states found 79.8% attributed to system breaks, repairs, or
pressure loss, which can all lead to microbial contamination.'*
The vulnerability of a water system to a BWN may vary

Increasing frequency and intensity of severe-weather events
globally have raised concerns about the resilience of drinkin%
water infrastructure and potential impacts to public health.' ™
Notable recent examples include Winter Storm Uri in February
2021, which left more than 16 million people in Texas, United
States, under boil water notices.” Similarly, in August 2022,
severe flooding in Jackson, Mississippi, United States,
exacerbated existing water system issues, resulting in prolonged
water service disruptions, widespread boil water notices across
the city, and difficulties finding alternative water sources.’
These drinking water system failures have prompted growing
calls to enhance water system resilience to severe weather
events.”

The resilience of a drinking water system is broadly defined
as its ability to withstand and quickly recover from a failure or
disruption.”® In evaluating water system resilience, previous
studies have emphasized the importance of considering water
infrastructure systems as sociotechnical systems owing to the Received: December 29, 2025
close interaction of consumers with their water supply.”’~" Revised:  July 18, 2026
The five dimensions of resilience spanning economic, environ- Accepted: July 20, 2026
mental, governance, social, and infrastructure highlight the Published: July 31, 2026
interconnectedness of consumers and water infrastructure and
complexity of assessing drinking water system resilience.'”
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depending on the operational characteristics of the system. For
example, for very small systems serving fewer than 500 people,
microbial contamination was the leading cause of BWNs,
accounting for 43.2% of notices.'* Severe weather events and
aging infrastructure have increased the frequency of BWNs
nationwide.'® Infrastructure failures may also result from high
temperatures, increased water demand, seismic activity, and
changes in soil moisture, leading to an increase in BWNs.' "~
Elevated temperatures can reduce chlorine residuals, increasing
the risk of microbial contamination or high turbidity levels,
further compromising water quality.”%*>>*~>¢

Despite the importance of understanding the impacts of
severe weather on BWNs, it is difficult to evaluate these
processes at large, regional scales that capture various weather
conditions and water system characteristics. Unlike Safe
Drinking Water Act (SDWA) violations, BWNs are not
tracked in a centralized national database, despite thousands of
notices issued annually in the United States.'* Regional studies
on BWNs for the United States have assessed summary
statistics on number, duration, and cause in Kentucky and
West Virginia; however, they do not correlate BWNs with
severe weather events.'”'® Furthermore, at the national level,
holistic reports face large data gaps, which may impact overall
study results.'* Other work has assessed infrastructure
vulnerabilities or examined demographic disparities in response
to specific severe weather events, like Winter Storm Uri.””’
Furthermore, smaller-scale severe weather events are important
for CWS resilience and are often overlooked compared to
extreme events such as hurricanes or severe winter weather.”®
The lack of standardized reporting on BWNs limits our
understanding of their frequency, causes, and impacts, as well
as efforts to evaluate resilience across water systems.

Similarly, understanding community response to BWNs
provides valuable insights into the resilience of communities
themselves and vulnerable populations. The ability of a
community to comply with a BWN may vary with socio-
demographic characteristics, such as rurality or income,
potentially exacerbating environmental and social inequities.”
The specific type of averting action may also be impacted by
severe weather. For example, purchasing bottled water may be
the only viable option if concurrent electrical or gas outages
prevent boiling water. Previous studies have examined public
responses to BWNs primarily through surveys, focusing on risk
communication and compliance.”” ~*' However, despite the
prevalence of BWNSs, few studies have quantitatively evaluated
how severe weather, operational system characteristics, and
community sociodemographics influence BWN outcomes (e.g.,
duration) and community response (e.g., averting actions).

Accordingly, this study seeks to address key knowledge gaps
in how severe weather events have impacted the duration of
BWNs and community response during a BWN. Our primary
objective is to better understand the resilience of drinking
water systems and how subsequent community response varies
based on the type of severe weather event, water system
characteristics, and community sociodemographics. BWN
occurrence and duration are used to understand how drinking
water systems withstand and rebound from weather-related
disruptions. We use bottled water sales as a proxy for
community response due to the availability of sales data at
large scales and the importance of alternative water supply
during severe weather events. To our knowledge, this is the
first regional study on how severe weather events impact BWN
duration and subsequent bottled water sales as a proxy for

community response. We focus on Texas as a case study, given
its high number of drinking water systems, data availability,
and range of severe weather events. Our findings highlight key
vulnerabilities within water systems and offer a transferable
methodology for assessing BWN trends and resilience of
drinking water systems.

2. MATERIALS AND METHODS
2.1. Study Area

Texas has the largest number of active community water systems
(CWSs; 4,673) in the United States®* with publicly available records
of BWN issuance. The EPA defines a CWS as a public water system
that supplies water to at least 15 connections used by year-round
residents.'* The distribution of CWS characteristics in Texas shows
62% are publicly owned, 28% are surface water sourced, 76% are
small, and 24% are medium or large (Table 1). This is similar to the

Table 1. Summary of CWS characteristics”

Texas CWS occurrence duration
database model model
(n = 4,673) (n=3114) (n=3,078)
size small 3,545 (75.9%) 2,384 (76.6%) 2,353
(76.4%)
medium/large 1,128 (24.1%) 730 (23.4%) 725 (23.5%)
owner  private 1,749 (38.4%) 1,242 (39.9%) 1,223
(39.7%)
public 2,879 (61.6%) 1,872 (60.1%) 1,855
(60.3%)
source  groundwater 3,344 (71.6%) 2,169 (69.7%) 2,138
(69.5%)

1,329 (284%) 945 (30.3%) 940 (30.5%)
“The data show the number of CWSs that fall into the specific
category followed by the percentage of total CWSs in the analysis in
the category in parentheses. Groundwater under the influence of
surface water (n = 24, 0.5%) was included with groundwater for the
source category.

surface water

national distribution of CWSs where 53% are publicly owned, 24% are
surface water sourced, 81% are small, and 19% are medium or large.*
We filtered for active CWSs and used the same CWSs for every
year.Therefore, any systems that became inactive during the study
period were excluded.'"* Texas experiences various types of weather
events, including hurricanes, tornadoes, winter storms, and droughts,
further highlighting its value as a case study for resilience (Table SI).
During the study period, Texas experienced extreme weather events,
including Winter Storm Uri in February of 2021, Hurricane Harvey in
2017, and Hurricane Laura in 2020. Additionally, given the size of the
state, CWSs capture a range of operational (e.g, system size,
ownership, source) and sociodemographic characteristics (e.g.,
rurality, racial distribution), enabling analyses of potential interactions
of these variables on BWN duration and community response.

2.2. Data Acquisition and Processing

2.2.1. Boil Water Notice Data. Statewide data on BWNss issued
from 2010 to 2022 were obtained from the Texas Commission on
Environmental Quality. BWNSs were issued for six categories of causes
in the data set: low distribution pressure, low disinfectant residual,
microbial contamination, turbidity, water outage, and “other”. The
“other” designation signifies that the cause did not fall within the five
main categories and may include equipment failures, construction,
and odor, but is not specific. When biological contaminants, such as E.
coli, or physicochemical parameters, such as turbidity, exceed the
maximum limits, CWSs are required to issue a boil water notice
(BWN) within 24 h.'® Each BWN record included the issue and
rescind date, CWS identifier, operational information (e.g., source
water, connections, population served), and reported cause. After
filtering for active CWSs, the final occurrence model (Section 2.3)
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data set included 18,839 BWNs issued by 3,114 CWSs, representing
66% of the total CWSs in Texas (4,673, Table 1). The duration of
each BWN was calculated using the issuance data and rescind date.
The final duration model (Section 2.4) data set included 18,276
BWNSs issued by 3,078 CWSs. We used winsorization to cap extreme
outliers at the 95th percentile of our data (17 days) to account for
outlier presence while producing a robust model. All descriptive
statistics are reported using the raw duration model data set (Table
S3).

2.2.2. Severe Weather Event Data. A BWN was classified as
weather-related if it occurred during or within 3 days following a
reported severe weather event. The National Oceanic and
Atmospheric Administration (NOAA) Storm Events Database®* was
used to identify the occurrence of severe weather events based on the
county or zone affected and the date the weather event started.
NOAA severe weather event categories were aggregated into six
descriptive categories: heat or drought, winter weather, hurricanes,
tornadoes, floods, or storms (Table S1). CWS service boundaries
were obtained from the Texas Water Development Board.> If more
than 10% of the CWS service area was within a county or NWS zone
where a severe weather event occurred, the severe weather event was
assigned to the BWN entry. The threshold was selected by conducting
a sensitivity analysis across thresholds ranging from 1% to 50%, which
revealed largely stable CWS geographic coverage, with fewer than
2.42% of CWSs losing assignment at any threshold (Figure S1). The
10% threshold was selected to exclude artifacts from boundary
misalignments.

2.2.3. Operational and Sociodemographic Data. Additional
sources provided relevant operational and sociodemographic data
(Table S2). Operational characteristics of CWSs (service connection
count, ownership type, and water source) were obtained from the
EPA Safe Drinking Water Information System database.*® Utility size
was based on the population served following EPA classifications.
Very small (<500) and small (501-3,300) systems were combined
into a single small category (<3,300), and systems serving >3,300
people were classified as medium/large.

Sociodemographic data were available at the county level for each
year in our analysis. Yearly county-level estimates of inflation-adjusted
median household income and percent below the poverty line were
sourced from the US Census Bureau Small Area Income and Poverty
Estimates program.’” We used income thresholds defined by the
Community Reinvestment Act (low to moderate income: <80% area
median income (AMI), middle income: 80% to 120% AMI, high
income: >120% AMI).** County population, number of housing
units, and population by race were obtained from the US Census
Bureau Population and Housing Unit Estimates Program for 2010 to
2022.% Racial distribution was represented by the percent of the
population identifying as Black, Hispanic, Asian, or Other. Counties
were classified as majority people of color if >50% of residents
identified as Black, Asian, and Hispanic or Other. Housing density
was calculated by dividing the number of housing units by the county
land area obtained from the Texas Counties Cartographic Boundary
Map.*® Urban communities were defined by housing density >64
units per square mile, and rural communities had <64 units per square
mile.”!

For the 204 CWSs that spanned multiple counties, sociodemo-
graphic variables were calculated using an area-weighted average of
the county-level data. Area-weighted averaging assumes uniform
demographic distribution within counties, which may introduce
measurement error for systems whose service areas capture non-
representative portions of a county’s population. While finer spatial
resolutions (e.g., census tract) are available through the ACS S-year
estimates, yearly estimates were only available at the county level.
Given that our panel regression requires annual demographic data to
capture year-to-year variation, the 1-year data were used as
recommended by ACS.*

2.2.4. Bottled Water Sales Data. Weekly bottled water sales
data from January 2010 to December 2020 (the most recent data
available at the time of this study) were obtained from the NielsenIQ
dataset, which covers sales from 90 retail chains including grocery,

drug, convenience, and mass merchandise stores. This dataset
represents over 50% of US grocery and drug store sales and over
30% of mass merchandiser sales.”” Weekly sales (in dollars and
ounces) were reported for over 5,000 bottled water products. Sales
were aggregated to the county level as the data are deidentified at the
store level in the NielsenIQ database, precluding analysis at a finer
geographic resolution.*® All stores that reported data were included in
our data set as they contained at least 90% of weekly data, a threshold
used in previous work by Allaire et al.** The final data set included
1,852 stores across 145 of the 254 counties in Texas.

2.3. BWN Occurrence Model

To evaluate the relationship between severe weather events and the
issuance of BWNs, we implemented a Poisson regression model using
balanced panel data across all Texas CWSs (n = 4673) and weeks,
resulting in a CWS-week unit of analysis (eq 1). The model assumes
the number of BWNs issued is a count variable following a Poisson
distribution. The Poisson regression model was used for this analysis
since BWN counts are discrete, non-negative integers, and the model
effectively handles the skewed distribution typical of rare event
counts, like severe weather data.** The model includes fixed effects to
control for time-invariant differences between CWSs and temporal
trends.* Standard errors were clustered at the CWS level to account
for within-system correlation. The coeficients were exponentiated to
produce incidence rate ratios (IRRs), which represent the multi-
plicative change in the expected rate of BWN issuance associated with
a specific severe weather event.

In(4,) = Z BW, + ay, + 1, 0
j

where: 4, is the expected number of BWNs issued for a specific CWS,
u, for week, t; B; is the estimated effect of weather type, j, on BWN
count; W,y is occurrence of severe weather type, j, in CWS, u, for
week, t; Ay is the fixed effect for CWS, u, in year, y; y, is the fixed
effects for week, t.

2.4. BWN Duration Model

We modeled BWN duration using an unbalanced panel regression
with fixed effects (eq 2), controlling for time-invariant differences
between CWSs and temporal trends. CWSs that never issued a BWN
during the time period were not included in the duration model as the
duration would be 0 days for each entry. Furthermore, an entry
without a valid rescind date was also excluded from duration analysis.
An unbalanced panel data set was constructed to evaluate the effect of
weather events on BWN duration, resulting in one CWS-week per
BWN issued with a valid duration. The BWN duration was assigned
to the utility-week in which the BWN was issued, and the associated
duration was calculated based on the issue date and rescind date
resulting in the entire BWN duration being accounted for in the week
of issuance. Bootstrapped standard errors were computed using 1,000
replicates to ensure robustness and were clustered by CWS-year.
Model selection was performed by rerunning the model with different
variants of explanatory variables and fixed effects (SI Model
Selection).

Dut=2/%wuz,-+%y+7t+5
j 2)

where: D, is the BWN duration (days) for a specific CWS, u, for
week, £; f is the regression coefficient; W, is the occurrence of severe
weather event type, j, in CWS, u, in week, £; @, is the fixed effect for a
CWS, u, in year, y; 7, is the fixed effect for week, t; and ¢ is the error
term.

2.5. Bottled Water Sales Model

To evaluate community response to BWNs, we modeled the effect of
BWNs on bottled water sales using a county-week, fixed-effects panel
regression (eq 3), adapted from prior studies on health-based SDWA
violations and consumer purchasing behavior.*> We included fixed
effects for county-year (a,,) to absorb fixed differences between
counties and year-to-year variation within counties, and week (y,)

https://doi.org/10.1021/acs.est.5c18579
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Figure 1. BWNss issued by coinciding weather events (A,B), and cause (C,D) for years and months, respectively. Figures include all BWNs issued in

Texas (n = 18,839) which were included in the occurrence model.

fixed effects to absorb seasonal patterns common across counties. This
analysis was conducted at the county level because it represents the
finest spatial resolution available for the bottled water data.

b
i]+ﬂ2Wd+acy+yt+e
b

c

k.
In(S,) = ﬂl[f)

©)

where: S, is the bottled water sales for a given county, ¢, and week, t;
P are regression coeflicients; ki is the number of days the BWN
violation was in effect in week t; p;. is the population impacted by the
BWN in county ¢; p. is the population of county ¢; W, captures severe
weather variables; a, is the fixed effects for a county, ¢, in a specific
year, y; 7, is the fixed effects for week t; and ¢ is the error term.

The BWN indicator ((%)(%)) ranged from zero to one and was

calculated as the product of (i) the fraction of the week the notice was
active and (ii) the fraction of the county’s population served by
affected CWSs. BWN indicators were summed when multiple BWNs
occurred within the same county-week. For CWSs spanning multiple
counties, service populations were proportionally distributed by
shared area, assuming a homogeneous distribution. Since BWNs were
aggregated to the county level for the bottled-water analysis, CWS
specific variables were excluded from this model (i.e., size, owner,
source). Severe weather variables were assigned to each county-week
observation. Bootstrapped standard errors were calculated based on
1,000 repetitions with clusters by county-year.

2.6. Sensitivity Analyses

Sensitivity analyses were conducted using additional interaction terms
in the duration model and bottled water sales model. As our models
implement fixed effects to control for time-invariant characteristics
(e.g, income, race), which are absorbed by the utility-time fixed
effects, interaction terms and stratified subgroup analyses allowed us
to observe how the effect of severe weather varies across different
operational characteristics and sociodemographic groups. This
approach accounts for confounding factors while simultaneously
enabling evaluation of heterogeneous effects across characteristics.
Interaction terms for the duration model were included for BWN

cause, CWS operational characteristics (i.e., size, ownership, source)
and sociodemographic characteristics. Specifically, interactions with
rurality, income class, and racial distribution were used to examine the
potential effect of community characteristics on the relationship
between BWNs, severe weather events, and bottled water sales. The
coeflicients of the specific interactions were added to the reference
level coeflicients to obtain comparable estimates for each interaction.
2.7. Additional Statistical Analysis

All data processing, modeling, statistical analysis, and plotting was
performed in R version 2025.05.1 + $13. Fixed-effects models used
the “feols” function from the fixest package (version 0.8.4). To
understand the impact of a large-scale, unprecedented weather event,
the occurrence and duration models (Section 2.3 and 2.4,
respectively) were also evaluated without BWNs issued during Winter
Storm Uri. Wilcoxon pairwise tests were used to determine the
statistical significance of BWN duration across weather events.
Pearson correlations were used to assess associations between county
population and both total and per capita sales.

3. RESULTS AND DISCUSSION

3.1. 1 BWN Issuance Patterns

Between 2010 to 2022, 66.6% of active CWSs in Texas (3,114
of 4,673) issued at least one BWN, with most issuances
occurring in the most recent years (Figure 1A,C and Table 1).
Approximately one out of ten CWSs across the state (8.5%, n =
398) issued more than 12 notices during the 13-year study
period. Small CWSs accounted for the majority of all BWNs
included in the occurrence model (69.0% of BWNs) and
duration model (68.7% of BWNs) (Table 2). Publicly owned
systems and groundwater-sourced systems were responsible for
65.7% and 63.9% of issued BWNs, respectively. The
distribution of BWNs in Texas mirrored national studies of
health-based SDWA violations, which also predominantly
occurred in very small to small, groundwater-sourced
systems.”” Most BWNs (~85%) were attributed to distribution
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Table 2. Summary of boil water notices included in the
occurrence model and duration model

size

owner

source

BWN cause

weather event

small
medium/large
private

public
groundwater
surface water

low distribution
pressure

low disinfection
residual

microbial
turbidity

water outage
other
compound events
heat & drought
hurricane
tornado

storm

flood

winter weather

no weather event

occurrence
model

(n = 18,839)
13,007 (69.0%)
5,832 (31.0%)
6,459 (34.3%)
12,380 (65.7%)
12,039 (63.9%)
6,800 (36.1%)
11,770 (62.5%)

339 (1.8%)

126 (0.7%)
63 (0.3%)
4,261 (22.6%)
2,280 (12.1%)
868 (4.6%)
3,356 (17.8%)
143 (0.8%)
54 (0.3%)
617 (3.3%)
301 (1.6%)
2,094 (11.1%)
11,406 (60.5%)

duration model
(n = 18,276)
12,549 (68.7%)
5,727 (31.4%)
6,188 (33.9%)
12,088 (66.1%)
11,626 (63.6%)
6,650 (36.4%)
11,429 (62.5%)

309 (1.7%)

117 (0.6%)
61 (0.3%)
4,195 (23.0%)
2,165 (11.8%)
788 (4.3%)
3,293 (18.0%)
138 (0.8%)
54 (0.3%)
600 (3.3%)
272 (1.5%)
2,086 (11.4%)
11,045 (60.4%)

system issues such as low distribution pressure or water
outages, suggesting infrastructure impacts rather than directly
observed contamination (e.g, microbial) as the dominant
driver. These findings are consistent with prior studies from
Kentucl<y,14’18 West Virginia,46 and national data in 2021,"*
where distribution problems were the leading cause of BWNS.

3.2. BWN Seasonality and Co-Occurrence with Severe
Weather Events

BWN issuance in Texas exhibited clear seasonal trends,
peaking in late summer (August) and showing secondary
peaks in the winter (Figure 1B,D). Similar seasonal patterns
have been reported in Kentucky,'® Canada,*”** and Norway,"’
where summer notices dominate. Increased BWN issuance in
summer may reflect stressors such as hurricanes, heat, drought,
and increased demand.’® BWNs associated with hurricanes
primarily occurred in August and September (Figure 1B),
coinciding with the peak months of the Atlantic hurricane
season (June 1 to November 30).>"

Overall, 39.5% of BWNs issued coincided with severe
weather events, most commonly heat or drought (Table 2).
The proportion of BWNs under these conditions was high
during 2011—2014 and in 2022 (Figure 1A), coinciding with
extended drought periods.”” Since relatively few BWNs were
attributed to microbial or turbidity concerns (Table 2), the
relationship between BWNs and heat or drought could reflect
impacts to physical infrastructure rather than direct water
quality drivers. Previous studies have linked drought to
infrastructure issues including pressure loss, pump malfunction,
and ineffective water treatment.”> >° Furthermore, drought
periods are relatively long compared to other weather events
(e.g, hurricanes) resulting in a higher potential for them to
coincide with BWN issuances.

A notable event occurred during Winter Storm Uri in
February 2021, when over 2,000 BWNs were issued in a single

week which impacted ~40% of CWSs statewide due to power
outages, gipeline breaks, or other infrastructure failures (Figure
1A,B).”*"*” BWNss issued during this time period were mostly
due to low distribution pressure or water outage (84.7%, Table
2), which may or may not be related to power failures. The
spike in BWN issuances during Winter Storm Uri underscores
the vulnerability of water infrastructure to extreme winter
weather events and also marked the start of a sharp rise in
annual BWNs (Figure 1A). Although the reasons are unclear,
the rise in notices may reflect increased awareness, improved
reporting, or changes in operational practices after the storm.
Additionally, it is possible the continued rise in BWNs reflects
ongoing challenges resulting from Winter Storm Uri, including
damages that have not yet been fully repaired. In a recent
semistructured survey of large utilities in Texas a year after
Winter Storm Uri, respondents highlighted concerns that
small, resource-constrained systems may exPerience ongoing
challenges resulting from Winter Storm Uri.”

We evaluated the co-occurrence of BWN issuance with
severe weather by implementing a Poisson model. Weather
events were associated with a greater occurrence of BWNs
based on the results of our Poisson model with utility and time
fixed effects (Figure 2). The analysis included all CWSs that

RECRA *
° 1

*

% Change in BWN Occurrence Rate

Flolod Heat/Dlrought Hurrilcane Stolrm Torrlmado WinterWeather

Weather Event

Figure 2. Percent change in the likelihood of BWN issuance from
weather events. Points show the coefficient estimate, and error bars
show the 95% confidence interval. *** represents a significance level
p < 0.001.

were active in Texas throughout the time period, whether or
not a BWN was issued. Winter weather, hurricanes, and floods
resulted in a significant increase in the rate of BWN issuance
while heat and drought, storms, and tornadoes had
insignificant changes. Winter weather was associated with the
highest percent rate increase (45%), followed by hurricanes
(21%), and floods (3%). Notably, when BWNs issued during
Winter Storm Uri were removed, the effect of winter weather
was significantly reduced (20%, p < 0.05), indicating that the
association with winter weather was largely driven by a single,
albeit historical, weather event (Figure 2). This change
highlights the significant scale of the impacts of Winter
Storm Uri on water infrastructure. Heat and drought was the
only weather event category that showed a decrease in the rate
of BWN issuance (—0.03%), however this was not significant
(95% confidence interval (CI): —1.3, 1.2%). The confidence
intervals for hurricanes and winter weather were the largest of
any weather event, likely due to their rarity relative to other
events and varying intensity.
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Figure 3. Duration of BWNs by year (A), month (B), and severe weather category (C). All BWNs and winter weather categories are shown with

and without BWNSs issued during Winter Storm Uri.

These findings align with previous studies that have
evaluated weather events and health-based SDWA violations.
Previous studies have found that severe storms were associated
with significant increases in SDWA violations,”® and extreme
precipitation events resulted in increased detection of
pathogens in drinking water systems.”” Overall, these findings
suggest that future utility weatherization efforts may consider
prioritizing winter weather, hurricanes, and floods to prevent
issuance of BWNs.

3.3. BWN Duration and Duration Drivers

From 2010 to 2022, the mean BWN duration was 10.9 days,
with most notices lasting 3—4 days (39.4%; Figure 3) showing
the skewed distribution of BWN durations throughout the
time span. Furthermore, 374 CWSs issued BWNs that lasted
longer than 31 days, accounting for 3% of BWNs analyzed in
the duration model, highlighting challenges in restoring access
to safe water (Figure 3A,B). These prolonged BWNs
disproportionately affected small CWSs (~80%). Long-
duration BWNs were concentrated in February of 2021,
coinciding with Winter Storm Uri.

Winter weather was associated with the longest median
BWN duration (7 days, p < 0.05) followed by hurricanes (6
days; Figure 3C). Floods, storms, tornadoes, and heat and
drought had comparable median BWN durations compared to
BWN:s issued without a weather event. Excluding BWN's issued

21653

during Winter Storm Uri resulted in statistically significant
reductions in median BWN duration during winter weather
from 7 days to S days (—20%, p < 0.01) (Table S3). These
findings underscore the disproportionate effect of a single
extreme weather event in prolonging BWN duration and
highlight resilience challenges faced by water infrastructure
during unprecedented weather events like Winter Storm Uri.

We applied a fixed-effects regression model (eq 2, Section
2.4) on unbalanced panel data with controls for time invariant
heterogeneity across CWSs to evaluate the environmental,
operational, and sociodemographic predictors of BWN
duration (Figures 4 and 5). Winter weather and hurricanes
significantly increased BWN duration with increases of 1.6 (p <
0.001) and 1.1 (p< 0.0S) days, respectively (Figure 4).
Interestingly, these results suggest that while floods signifi-
cantly increase the likelihood of a BWN being issued (Figure
2), they do not significantly impact the ability of a CWS to
recover from a BWN. This highlights the importance of
evaluating drinking water system resilience using multiple
metrics, including both occurrence and duration of BWNs.
‘When Winter Storm Uri was excluded from the model, winter
weather no longer had a significant impact on BWN duration
(Table S6). This again reflects the extent of Winter Storm
Uri’s impact on CWSs in Texas. There was no significant
impact on BWN duration due to heat and drought, tornadoes,
floods, and storms. Since heat and drought typically occur for
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Figure 4. Coeflicient estimates for the utility and time fixed effects
model for the unbalanced panel set. Points show the coeflicient
estimate and the error bars show the 95% confidence interval based
on bootstrapping (n = 1,000). Significance markers: p < 0.001: ***, p
< 0.05: *.

prolonged periods, it may be difficult to attribute BWNSs to a
specific heat or drought event which may impact estimated
durations.

The reported cause of issuance was examined as an
interaction term with weather events to assess how different
causes contributed to the duration of BWNs (Figure S, Table
S7). Our findings revealed that certain causes were associated
with significantly longer BWN durations under specific weather
events. For example, for BWNs issued during floods, microbial
contamination led to notices that were 9.3—15.1 days longer
than all other operational causes (e.g, low distribution
pressure). BWNs with a cause designated as ‘Other’ were
significantly longer during floods (+2.1 days, 95% CI: 1.2, 3.0),
indicating the cause did not fall within one of the five main
categories. Similarly, low distribution pressure during hurricane
BWNs (+2.4 days, 95% CI: 0.7, 4.1) and winter weather
BWNs (+1.8 days, 95% CI: 1.4, 2.2) significantly increased the
duration. BWNSs attributed to low disinfection residual had the
longest durations when they coincided with hurricanes,
although the effect was not statistically significant (+16.9
days, 95% CI: —7.3, 59.0). Lastly, BWNs issued due to water
outages significantly increased BWN duration during heat and
droughts (+0.5 days, 95% CI: 0.2, 0.8). Since low distribution
pressure and water outages can be related to power outages
and there is no specific designation indicating power failure,
future work should incorporate additional data to better assess
its role. A key limitation of the BWN data is that causes such as
power failures are not directly reported but are likely captured
within the “low distribution pressure” and/or “water outage”
categories, which together account for the majority of BWNs
(84.7%, Table 2). Previous research has documented an
increase in power-related failures during heat and drought,
which may explain the observed significance with water
outages.”” Similarly, analyses of power outages during Winter
Storm Uri highlight the widespread and severe disruptions
across Texas. Consistent with these findings, when BWNs
issued during Winter Storm Uri are excluded from the model,
low distribution pressure is no longer a significant predictor of
BWN duration (Figure S3). These results suggest that power

failures were an underlying driver of extended BWN durations,
although additional analysis is needed to verify this relation-
ship.

In summary, the underlying cause of a BWN interacts with
the type of severe weather event to influence its duration,
suggesting utilities may need cause-specific preparedness and
response strategies to increase resilience to weather events. For
example, low distribution pressure during hurricanes and
winter weather likely reflects physical infrastructure failures
such as pipe breaks, which require rapid infrastructure
assessment and restoration of pressure before a notice can be
lifted. In contrast, microbial contamination during floods
necessitates resampling, treatment verification, and regulatory
clearance, which cannot be accelerated through infrastructure
repair alone. These distinctions indicate that resilience
planning should move beyond generalized frameworks to
incorporate response protocols tailored to the most likely
failure modes associated with specific weather events. Targeted
approaches could help reduce BWN duration and improve
system resilience across different cause and weather event
combinations.

3.4. Sociodemographic and Operational Predictors of
BWN Duration

We implemented interaction terms on the duration model (eq
2, Section 2.6) for operational and sociodemographic
characteristics to determine whether specific groups were
more vulnerable to longer BWN durations during specific
weather events (Figure S, Tables S8—S13). Interactions
revealed that no one operational or sociodemographic
characteristic significantly influenced the duration of BWNs
across all types of weather events. However, some operational
and sociodemographic characteristics were associated with
more pronounced effects on BWN duration under specific
weather events.

Among operational parameters, small CWSs experienced
significant increase in BWN duration for winter weather (+1.9
days, 95% CI: 1.5, 2.4) and hurricanes (+1.1 days, 95% CIL:
0.23, 2.1), and significantly shorter BWNSs for storms (—0.34
days, 95% CI: —0.67, —0.04) compared to BWNs that were
not associated with weather events. For BWNs issued during
winter weather events, the duration of the BWN increased
more for small CWSs compared to BWNs issued by medium
or large CWSs (+1.9 vs +0.86 days, p < 0.001). Small CWSs
may have a more difficult time recovering from BWNs
compared to large CWSs due to limited financial resources
and workforce training.él’62 Previous studies also found that
smaller CWSs experienced drinking water advisories with
longer durations over long-term analysis in Kentucky,'®
Canadian First Nation communities,”® and during Winter
Storm Uri in Texas.’

Ownership type also produced significant interaction effects.
Private CWSs experienced larger increases in BWN duration
during winter weather (+2.7 days vs +1.0 days), heat and
drought (+0.50 days vs +0.07 days), floods (+0.59 days vs
+0.10 days) and tornadoes (+0.65 days vs —0.52 days) events
compared to public CWSs, whereas public CWSs experienced
the largest increase in BWN duration during hurricane events
(+1.9 days vs +1.1 days). Groundwater-sourced CWSs
exhibited the largest duration increase during winter weather
(+2.0 days, 95% CI: 1.6, 2.5), hurricanes (+0.97 days, 95% CI:
0.08, 1.9), and heat and drought (+0.26 days, 95% CI: 0.01,
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and confidence intervals are available in Tables S7—S13.

0.50), suggesting potential sensitivity to weather-driven
fluctuations in source water quality or pumping capacity.é*%’64

Interactions for sociodemographic factors revealed that the
effects of income class, housing density, and racial distribution
on BWN duration estimates were similar across groups. CWSs
in high-income counties had significant increases in BWN
duration estimates during heat and drought events (+0.50
days, 95% CI: 0.12, 0.84), however these estimates were not
significantly higher than those of CWSs in middle- and low-
income counties. Similarly, CWSs in middle-income counties
had significant increases in BWN duration estimates during
floods (+0.40 days, 95% CI: 0.01, 0.83), but there was no
significance between CWSs in high- and low-income counties.
CWSs in high- and middle-income counties (+1.9 and +1.5
days, respectively) had significantly larger increases in BWN
duration during winter weather events compared to CWSs in

low-income counties (—1.1 days, p < 0.01), suggesting that the
weather event modulates the relationship between income and
duration.

CWSs in more urbanized counties experienced significantly
larger BWN duration estimates during winter weather (+1.8
days vs +1.5 days), heat and drought (+0.5 days vs 0.0 days),
and tornadoes (+0.5 days vs —0.5 days), showing that multiple
weather types have a greater impact on CWSs in urban
counties. Rural CWSs also showed a significant duration
increase for winter weather (+1.5 days, p = 0.021). BWN
durations for CWSs in both majority white and POC counties
were significantly longer during winter weather +1.6 days (95%
Cl: 1.2, 2.0) and +1.4 days (95% CI: 0.9, 2.0), respectively,
and during hurricanes in majority white counties (+4.1 days,
95% CI: 2.8, 5.6). These findings suggest that sociodemo-
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Figure 6. Bottled water sales in Texas aggregated at the county level including temporal trends in bottled water sales (A), and sales aggregated by

income class (B), race (C), and housing density (D).

graphic characteristics alone do not consistently predict BWN
duration estimates.

3.5. Bottled Water Sales

Statewide, bottled water sales ranged from $2.3 million to $7.1
million per week and both total sales and per capita sales
trended upward from 2010 to 2020 (Figure 6A). Sales typically
peaked in summer months, with notable surges during the
onset of the COVID-19 pandemic in March 2020. Severe
weather events also correlated with sales increases, such as
during Hurricane Harvey (August 2017) and Hurricane Laura
(August 2020) (Figure 6A). Dallas County and Harris County,
which have the highest housing densities, consistently reported
the greatest per capita bottled water sales (Figure S4). Not
surprisingly, county population was strongly correlated with
overall sales (Pearson R = 0.93) and weakly correlated with per
capita sales (Pearson R = 0.23), indicating that total bottled
water sales are more closely tied to population size than
individual behavior. The highest mean sales occurred in high-
income (Figure 6B) and urban counties (Figure 6D),
consistent with national patterns.”**>°® We also found that
majority white counties purchased more bottled water (Figure
6C). Conversely, previous studies found that Black and
Hispanic residents are more likely to purchase bottled water
than White residents due to increased distrust in public water
quality.®’ =

Community response is critical for minimizing health risks
during BWNs. We found a significant 7.1% (95% CI: 1.9%—
12.5%) increase in county-level bottled water purchases
following BWN issuance (Table 3, eq 3, Section 2.5). Given
that these notices often only affect subportions of a county, the
localized pressure on retail supply chains in affected
neighborhoods is likely substantially higher. Increasing bottled
water sales suggest that households are taking actions to abide
by BWNs by avoiding use of tap water. Our analysis only
captured bottled water sales; however, households may be
reliant on other averting behaviors (e.g, boiling water).
Redundancy in averting strategies is key to improving
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Table 3. Coeflicient estimates on independent variables for
bottled water sales and the percent change in aggregated
sales”

independent
variable

BWN indicator
heat and drought

coefficient estimate

0.069** (0.019, 0.12)
0.015%** (0008, 0.022)
—0.026%* (—0.037, —0.014)

percent change (%)
7.1% (1.9, 12.5)
1.5% (0.8, 2.2)

winter weather —2.6% (—3.6, —1.4)

hurricane 0.16%** (0.10, 0.23) 17.4% (10.5, 25.9)
tornado —0.0061 (—0.020, 0.0077) —0.6% (—2.0, 0.8)
flood —0.056%#% (—0.065, —0.046)  —5.4% (—6.3, —4.5)
storm —0.011%* (—=0.016, —=0.0062) —1.1% (—1.6, —0.6)

“Parentheses show the 95% confidence interval. Fixed effects for
County-Year and Week were used. Significance levels are *** for
0.1% level, ** for 1% level, and * for 5% level.

resilience during severe weather events as boiling water may
not be feasible during power or gas outages.

Weather events also strongly influenced bottled water sales
(Table 3). Bottled water sales increased (+5.9%) with a BWN
and no weather event; however, there was a larger increase
when a BWN was associated with a weather event (+11.6%)
(Table S14). Out of all weather event types, hurricanes had the
strongest increase in county-level bottled water sales (+17.7%)
(Table 3), especially in higher-income counties (+24.1%, p <
0.05) (Figure 7). This could reflect preparedness for service
disruptions or general preparedness for incoming weather
rather than a response to BWNs themselves. Similarly, heat
and drought led to a smaller, yet significant increase in bottled
water sales (+1.6%). Conversely, floods were associated with
lower bottled water sales, possibly due to sudden onset or
access issues during flash flooding. Winter weather and storms
were also associated with a significant reduction in bottled
water sales indicating that households were less likely to
purchase bottled water during these weather events.

Sociodemographic interactions revealed important dispar-
ities in adaptive behavior during severe weather events and
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similar behaviors when a BWN is issued (Figure 7). Majority
white counties increased bottled water purchases by 0.80%
during heat and drought conditions, compared to a 2.9%
increase in majority POC counties (p < 0.01). During winter
weather, both majority white and majority POC counties
reduced bottled water purchases; however, the reduction was
approximately S percentage points greater in POC counties
than in white counties (p < 0.001). During BWNs, majority
POC counties had comparable increases in bottled water sales
estimates compared to majority white counties (+8.2% and
+6.6%, respectively). Furthermore, both majority white and
majority POC counties significantly increased bottled water
purchases during hurricanes (+22.6% for majority white
counties and +15.9% for POC counties). These findings are
interesting as previous research has shown that POC are
generally more reliant on bottled water.66,68 The larger
percentage increases observed in majority white counties may
reflect differences in behavior during severe weather events.
Nonsignificant impacts of BWN on bottled water sales in POC
counties may indicate that the relative increase in bottled water
sales during a severe weather event is lower due to a higher
baseline bottled water purchasing. However, baseline bottled
water sales in majority POC and white counties in this study
were generally similar (Table S14), suggesting differences in
model results are likely attributed to differences in county-level
response to severe weather events rather than differences in
baseline behavior.

Rural counties increased bottled water purchasing more than
urban counties during heat and drought events (+1.8% and
+0.52%, respectively). In contrast, rural counties decreased
their bottled water purchasing (—3.4%) during winter weather
while urban counties increased their bottled water purchasing
(+1.9%) (p < 0.001) which may represent increased difficulties
in access to stores during winter weather in rural areas relative
to urban areas. Notably, high-income counties had the greatest
increase in bottled water purchasing during a BWN (+30.9%),
which was significantly higher than other income groups (p =
0.05), and low-income counties did not have a significant
increase in bottled water sales (Figure 7). Furthermore, low-
income counties did not have a significant increase in bottled

water purchases during hurricanes where middle- and high-
income counties did. It is possible that lower-income counties
may face cost or access barriers that prevent them from
purchasing bottled water or may opt for other compliance
strategies such as boiling water. Previous studies have also
shown price increases were heightened in lower-income
communities during hurricanes when compared to high-
income community pricing, signifying equity concerns.”’
However, a previous survey-based study similarly found that
higher-income groups were twice as likely to boil water
compared to lower-income groups under BWNs during Winter
Storm Uri.”” These findings underscore the need to better
understand emergency water distribution strategies and risk
communication in lower-income areas to support community
resilience.

We show that bottled water data can be used to capture
response to BWNs at large spatial scales. This represents a
unique and useful feature of bottled water purchasing whereas
other averting behaviors such as boiling water are difficult to
track and quantify without household-level surveys. Here, we
looked at robust data from one state to infer trends; however,
our findings are transferable to regions facing similar weather
risks. A potential limitation was that not all counties had data
for bottled water sales, leading to them being excluded from
our model. This study does not include information on
donated water that may be distributed during severe weather
events from public facilities such as shelters or churches, which
may further limit holistic evaluation of averting measures taken
by households. Previous survey-based studies showed there
was a correlation between electric and gas utility availability
and boiling water, especially when co-occurring disruptions
shaped compliance to BWNs.”' While the model absorbs
seasonal temperature patterns and heat and drought indirectly
capture temperature, week-to-week temperature variations or
anomalies were not explicitly included. Future work could
integrate data from water, electricity, and gas utilities to offer a
more comprehensive picture of cascading failures during
weather events, assess the feasibility of different response
strategies during emergencies, and characterize the overall
resilience of utilities to inform where more efforts are needed.
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3.6. Implications for Resilience

A better understanding of how severe weather events affect
BWN duration and community response can guide both long-
term infrastructure planning and short-term emergency
response. This study presents the first regional-scale analysis
of how severe weather affects BWN duration and community
response, using bottled water sales as an indicator. Overall, the
occurrence of BWNs disproportionately affects small, ground-
water-sourced, publicly owned systems. The duration of BWNs
is strongly influenced by the occurrence of severe weather
events. Winter storms and hurricanes pose the greatest risk of
prolonged BWNSs, underscoring the need for climate resilience
and weatherization of CWSs to these types of weather
events.”’*”> CWS size and ownership have a complex role
in BWN duration, emphasizing that weatherization strategies
must be tailored to account for specific CWS characteristics.

Current guidance for CWSs to combat severe weather
events is reactive. For example, after Winter Storm Uri caused
severe disruptions, CWSs in Texas were required to implement
an Emergency Preparedness Plan which includes a backu
power source, like a generator, in the event of power failure. 4
Existing federal frameworks like the America’s Water Infra-
structure Act 2018, which highlights resilience planning
requirements, establish the precedent for planning but do not
suggest how systems should prepare and respond to specific
weather-driven disruptions. For example, system consolidation
may appear to be a viable option for increasing climate
resilience based on theincidence of BWNs alone. However,
CWS size is often not a strong predictor of BWN duration,
which represents the ability of a CWS to expediently address
and rescind a BWN. The development of tiered, risk-based
best practice frameworks that account for system size, source
water type, and regional climate vulnerability could provide
CWS operators and regulators a more actionable foundation
than is currently available.

Once a BWN is issued, an increase in bottled water
purchases was generally observed regardless of whether or not
the BWN was associated with a weather event though this
increase was more pronounced in higher-income groups.
During hurricanes and in the absence of a BWN, higher-
income, urban, and white communities were more likely to
purchase bottled water. This suggests disparities in proactive
emergency preparedness to severe weather but more similar
behavior in response to BWNs. Efforts to improve equitable
access to safe water supplies during a BWN can be improved
by enhancing pre-disaster communication and preparedness.
Disparities in emergency preparedness may be exacerbated if
the anticipated weather event severely limits mobility or access
to alternative averting strategies.

Lastly, combining BWN duration and bottled water sales
provides a sociotechnical approach for evaluating drinking
water system resilience that incorporates both physical
infrastructure and community response. This approach can
provide drinking water utilities, regulators, and public health
agencies a tool to assess relative differences in community
compliance to BWNs and accordingly prioritize emergency
water supply plans. A key limitation is that this approach does
not quantify the extent of the community complying with a
BWN. Rather, it focuses on relative increases in bottled water
purchases for a given county. However, understanding relative
differences in response to BWNs and severe weather can help
prioritize investments in CWS resilience, monitor changes in
averting behavior during drinking water failures, and ensure

equitable access to safe water during severe weather events and
BWN:ss.
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