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ABSTRACT: Water supply interruptions contribute to household oovorom
water insecurity. Unpredictable interruptions may particularly :«_::",
exacerbate water insecurity, as uncertainty limits households’ -
ability to optimize water collection and storage or to modify other
coping behaviors. This study used regression models of survey data
from 2873 households across 10 sites in 9 middle-income countries
to assess whether water supply interruptions and the predictability
of interruptions were related to composite indicators of stressful
behaviors and emotional distress. More frequent water service
interruptions were associated with more frequent emotional
distress (f = 0.49, SE = 0.05, P < 0.001) and stressful behaviors
(f = 039, SE = 006, P < 0.001). Among households that
experienced interruptions, predictability mitigated these respective
relationships by approximately 25 and 50%. Where the provision of continuous water supplies is challenged by climate change,
population growth, and poor management, water service providers may be able to mitigate some psychosocial consequences of
intermittency through scheduled intermittency and communication about water supply interruptions. Service providers unable to
supply continuous water should optimize intermittent water delivery to reduce negative impacts on users, and global monitoring
regimes should account for intermittency and predictability in post-2030 water service metrics to better reflect household water
insecurity experiences.

KEYWORDS: intermittent water supply, mental health, anxiety, psychosocial stress, water security

1. INTRODUCTION maintenance, reduced water flow due to neighbors’ high
Billions of people lack safe water access' in both low- and high- water demands, or changes in rainfall patterns. The contrast
income settings.” When sociotechnical infrastructure cannot between predictable and unpredictable interruptions is impor-
provide continuous water supplies, or where such infra- tant, because households may experience and respond to them
structure never existed, households often face interruptions differently. Galaitsi et al.'’ describe three types of inter-
to their water supply that disrupt daily activities.” Even those mittency: unpredictable, irregular, and unreliable, and suggest
with water piped to their homes may not enjoy a continuous that unpredictable interruptions are the most disruptive. But
water supply; nearly a billion people with piped water the specific implications of unpredictable interruptions,

experience an intermittent water supply (tws).* Interruptions
stem from a combination of social, infrastructural, and
hydrological root causes such as when demand exceeds supply
due to new connections, overconsumption, Ieakages or other
infrastructure problems,s_7 seasonal fluctuations,” or politics
or social exclusion.” 2 Received: October 11, 2023 HWM{,
Some water supply interruptions can be anticipated; rotating Revised:  March 25, 2024 i o
shutoffs in a piped system to maintain system pressure can be Accepted:  March 27, 2024
planned and seasonal changes to water groundwater availability Published: April 10, 2024
can be predicted with some certainty. Others are unpredict-
able, such as sudden failure of components, unplanned

particularly as experienced by the users of nonpiped water
sources, has received considerably less attention than the
phenomenon of TWS from piped systems.'*
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A growing body of evidence indicates that water problems
cause emotional distress and psychosocial stress.”>”"” People
experience fear and worry about not having enough water to
meet their daily needs, and shame related to family
responsibilities or social expectations. Psychosocial stress may
also lead to water-coping behaviors that cause stress and
distress (“stressful coping behaviors”), such as drinking less
safe water,”’ spending more on water treatment,”’ borrowing
water from others and subsequently feeling indebted to
them,*> or withdrawing from social engagernents.23 These
stress-inducing coping behaviors can reinforce cycles of
emotional distress, but these distinctions are rare in the IWS
literature despite intermittency’s known adverse effects on
mental health®*~>® which may be exacerbated by unpredict-
ability. Figure 1 summarizes a conceptual model of how

Social, political, infrastructural,
hydrological, seasonal drivers

Water source intermittency

Predictable Unpredictable

Stressful
behaviors

Emotional
distress

Figure 1. Conceptual model of the theorized relationships between
the water source intermittency, predictability, and two forms of water
insecurity, emotional distress, and stressful behaviors. (Icons created
by Hanbai and Adrien Coquet of the Noun Project, CC BY 3.0.)

predictable and unpredictable forms of water source
intermittency are theorized to shape mutually reinforcing
emotional distress and stressful behaviors.

While it has long been a working assumption by researchers,
practitioners, and policy makers that intermittent water
supplies have negative consequences, few studies have
specifically addressed the effects of unpredictable water
supplies on mental health or attempted to empirically quantify

these adverse impacts. This paper explores whether more
frequent water supply interruptions are associated with higher
psychosocial stress, and whether experiencing predictable
interruptions mitigates the observed relationship. We propose
two hypotheses related to intermittency and predictability of
water supply and its relationship with composite indicators of
emotional distress and stressful behaviors, and we test them using
a multicountry data set of 10 sites from 9 countries.

e HI: Experiencing more frequent water supply inter-
ruptions (i.e., intermittency) will be associated with a
higher frequency of (a) emotional distress, and (b)
stressful behaviors, related to water insecurity.

e H2: Among the subset of households experiencing
interruptions, having advanced knowledge of water
supply interruptions (i.e., predictable intermittency) will
be associated with lower frequency of (a) emotional
distress, and (b) stressful behaviors.

By characterizing the impact of predictability on households’
experience of and response to water supply interruptions, we
can gain insights into the consequences of intermittency and
predictability for household water insecurity. If we then
quantify these relationships, we can inform operational and
policy decisions in contexts where a continuous water supply is
difficult to achieve. This can help operators provide water
services that better meet customers’ needs and inform efforts
to create global indicators of water service quality to better
reflect households’ experience of intermittent supply.

2. METHODS

2.1. Study Sites and Data Source. The data analyzed in
this study were drawn from the Household Water Insecurity
Experiences (HWISE) global data set compiled from house-
hold surveys administered in 2017—2018. This parent study
involved 8297 participants from 29 sites in 24 countries across
sub-Saharan Africa, South America, Central America, the
Middle East, Oceania, and Asia, and was originally designed to
develop and validate a household-level water insecurity scale
across urban, peri-urban, and rural settings.”” Each site had a
target sample of 250 households, regardless of urban
classification, to have sufficient power to meet the parent
study’s objectives.”””® The site leads worked with locally

Table 1. Study Sites and Key Characteristics

sample size

season of data

region site (n = 2873) collection
East Asia Labuan Bajo, Indonesia 275 dry
South Asia ~ Dhaka & Chakaria, 505 rainy
Bangladesh
South Asia  Pune, India” 179 multiple
South Asia  Rajasthan, India 233 dry
Middle East  Beirut, Lebanon 565 rainy
Middle East ~ Sistan and Balochistan, 136 rainy
Iran
Latin Torredn, Mexico 243 dry
America
Latin San Borja, Bolivia 212 dry
America
Latin Chiquimula, Guatemala 288 dry
America
Latin Cartagena, Colombia 237 dry
America

% female World Bank income
respondents classification urbanicity classification
44.4 lower middle income urban and rural
97.0 lower middle income urban and rural
100 lower middle income urban and rural
274 lower middle income rural
64.2 upper middle income urban
99.2 upper middle income urban, peri-urban, and
rural
72.8 upper middle income urban
62.8 lower middle income urban, peri-urban, and
rural
85.7 lower middle income rural
70.6 upper middle income urban

“All sites used random sampling except Pune, which used a parallel assignment, nonrandomized strategy.
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recruited and trained enumerators to obtain informed consent
in a local language at all sites prior to the data collection with
IRB oversight from multiple institutions.”” Survey participants
included one eligible adult per household who self-identified as
being knowledgeable about the household’s water situation.
Although the household sample was not intended to be
representative of the surveyed countries or subregions, it does
reflect the typical experiences of low- and middle-income
households living with water insecurity across diverse contexts.

The parent study was conducted in two survey waves with
the survey item assessing the predictability of water supply
interruptions added in the second wave. Therefore, 13 second-
wave sites were eligible for this study. Three of these 13 sites
(Gressier, Haiti; Morogoro, Tanzania; and Punjab, Pakistan)
were excluded because they had fewer than 50 households with
complete data, which led to unstable model parameters in our
preliminary analyses. These criteria resulted in a final set of 10
sites across East Asia, South Asia, the Middle East, and Latin
America and the Caribbean (Table 1). The lack of sites from
sub-Saharan Africa is a limitation; all but one African HWISE
study site were included in the first survey wave that did not
assess predictability.

The survey contained modules about the household’s socio-
demographic characteristics, water sources and acquisition
behaviors, and different experiences related to issues such as
water insecurity, food insecurity, and psychosocial health. The
water insecurity module included questions about the
frequency of household experiences related to water in the 4
weeks prior to the survey, and responses were categorized and
coded as follows: never (0 times; coded as 0), rarely (1-2
times; 1), sometimes (3—10 times; 2), or often or always (11—
20 times or more; 3). This module is the origin of our outcome
measures related to psychosocial health and the exposures of
interest related to intermittency and predictability. The full
survey instrument and additional details about the parent study
are available elsewhere.”’

2.2. Dependent Measures. Our outcome measures were
two indicators, emotional distress and stressful behaviors, each
compiled from subsets of four survey items scored from 0 to 3
(Table 2). The four survey items aggregated into emotional
distress measured the frequency of someone in the household
reporting one of the following emotional states related to
having insufficient water: worrying (about quantity), worrying

Table 2. Survey Item Composition of the Emotional
Distress and Stressful Behaviors Scores”

indicator survey items
emotional 1. Worried about not having enough water
distress

2. Worried about personal safety while obtaining water
3. Felt shame about not having enough water
4. Felt anger about not having enough water

stressful 1. Changed plans due to not having enough water
behaviors

2. Missed social or cultural events due to not having
enough water

3. Borrowed water from others

4. Drank water perceived to be unsafe

“All items began with the phrase, “In the last 4 weeks, how frequently
have you or anyone in your household...”; were scored as never (0),
rarely (1), sometimes (2), often or always (3); and were averaged in
each score to retain the range of 0-3.

7012

about safety while obtaining water, shame, and anger, similar to
the operationalization by Wautich and Ragsdale."” The four
survey items aggregated into stressful behaviors measured how
often someone in the household activated these water
insecurity coping behaviors, which have been found to be
stressful in prior research:>° changing plans, missing social
events, borrowing water from others, and drinking water
perceived to be unsafe.

We first used principal component analysis to explore
whether these two item sets exhibited unidimensionality. The
Kaiser’' rule of retaining components with eigenvalues > 1
suggested that each item set was indeed best summarized by a
single component. But because each component only
accounted for 59 and 56% of each respective item set’s
variance, we instead retained the original item scaling by
computing emotional distress and stressful behaviors as the mean
of each 4-item set, thus yielding two indicators with a range of
0—3. We excluded households with fewer than two valid
responses from the four items. Cronbach’s o suggested that
there was acceptable internal reliability for both emotional
distress (a = 0.765) and stressful behaviors (a = 0.715).>

2.3. Independent Measures. The exposures of interest
were two survey items that assessed how often, in the prior 4
weeks, households experienced water supply interruptions and
whether they had received notification or otherwise knew
about the upcoming interruptions (i.e., predictability of
interruptions). The interruptions item was scored using the
same 0—3 frequency codes as described previously (never [0],
rarely [1], sometimes [2], often or always [3]), and the
predictability item was a binary indicator (1 = announced/
scheduled, 0 = unexpected) for those households who
experienced any interruptions in the past 4 weeks.

We used several additional household-level indicators to
control for sociodemographic characteristics and elements of
household water usage that generally shape psychosocial
aspects of household water insecurity:*" %2373

e Number of household members (“household size”): A
higher number suggests higher water demand, which can
magnify experiences of water insecurity.

e Gender of household head (“female household head”):
Traditional gender roles often dictate that females
manage a household’s water and therefore bear
disproportionate burdens in their experiences of house-
hold water insecurity.

e Primary drinking water source (“water source”): The
water source indicator was constructed as an ordinal
variable that mapped all water sources to the hierarchy
of the World Health Organization’s (WHO) Joint
Monitoring Programme (JMP) service ladder for
drinking water,’ ranging from 1 to 6, where higher
coded values reflect a lower service level: piped source
on property (coded as 1), groundwater off-premise (2),
surface water or rainwater (3), tanker or small vendor
(4), bottled water (S), and other (6). These rankings
reflect evidence on water c&uality risk,>**” accessibil-
ity,”**? cost,*” and reliability,”” and are approaches used
in other research.”’

e Water storage: Storing water in the home is a common
adaptation strategy for households who do not have a
continuous water supply. Because of the positive skew in
the distribution of stored water measured in liters, we
generated a three-category ordinal variable for water

https://doi.org/10.1021/acs.est.3c08443
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Table 3. Frequency Statistics of All Dependent and Independent Measures and Bivariate Correlations with the Emotional

Distress and Stressful Behaviors Scores”

mean or standard correlation with emotional correlation with stressful
characteristic and range n frequency deviation distress behaviors

Dependent Measures
emotional distress score (0—3) 2873 1.05 091
stressful behaviors score (0—3) 2873 0.78 0.77

Independent Measures
interruptions (0—3)" 2873 129 1.19 0.64%%* 0.53 %%
predictability (%)% 1778 34% 0.47 —0.21 %% —0.21 %%
household size (1-27)* 2828 4.92 2.51 0.14%%* 0.14%%*
female head of household (%)* 2857 32% 0.47 0.01 —-0.03
primary drinking water source (1—6)" 2868 2.44 1.28 0.06** 0.05%%*
water storage (1-3)° 2586 2.37 0.75 —0.05%* —0.08%**
social status (1—10)" 2803 6.49 223 0.30%** 0.31%%*
water status (1—10)" 2797 622 2.72 0.52%%% 0.44%%
urban site (%)* 2842 57% 0.50 ~0.00 —0.04
dry season (%)* 2873 52% 0.50 031+ 031

“Bivariate measure of association: TSpearman’s Rank Correlation; *Pearson’s Correlation; *Point-Biserial Correlation. *P < 0.05; **P < 0.01; ***Pp
< 0.001. *This question was only asked if intermittency > 0 (n = 1797 participants).

storage quantity based on natural breaks in the
distribution: <21 L (coded as 1), 21-239 L (2), and
>240 L (3).

e MacArthur Scale of Subjective Social Status (“social
status”),"" which asks the respondent to select 1 of 10
rungs on a ladder graphic (coded from 1 to 10) that best
corresponds to their perceived social standing within the
community. Respondents who report lower social status
(who were reverse-coded to have higher values for this
variable) were expected to be more vulnerable to water
insecurity stressors.

e A modified version of the MacArthur Scale of Subjective
Social Status that uses the same 10-rung ladder graphic
to probe a household’s perceived water situation relative
to other community members (“water status”). Again,
higher values indicated lower perceived status.

e Urbanicity (“urban” vs all other classifications): Urban-
icity tends to influence the types of water sources and
systems available at a given site, with respondents in
urban communities expected to have access to more
water source options than those in peri-urban or rural
communities, thus reducing their vulnerability to water
insecurity stressors.

e Seasonality (“dry season” vs all other seasons):
respondents interviewed during the dry season—when
water supplies may be limited, more distant from home,
or more expensive—were expected to be more
vulnerable to water insecurity stressors.

2.4. Statistical Analyses. We began by analyzing
descriptive statistics and rates of missingness for each
independent measure, assessing the correlation matrix of all
indicators to check for potential collinearity concerns, and
assessing bivariate relationships between each independent
measure and emotional distress and stressful behaviors. We
computed Pearson’s correlation for the continuous independ-
ent measure (household size), Spearman’s rank correlations for
ordinal independent measures (intermittency, primary drinking
water source, water storage rank, social status, and water
status), and point—biserial correlations for binary independent
measures (predictability, female head of household, urbanicity,
seasonality).

7013

We then fitted two separate linear multivariable regression
models to assess the relationships between water supply
intermittency with (1) emotional distress, and (2) stressful
behaviors, controlling for household characteristics, and with
standard errors clustered by study site. We used the structural
equation model command “sem” in Stata for the multivariable
analysis because the method is well suited for handling missing
data.*”*’ We used the maximum likelihood with missing values
estimation method, which assumes that any missing data were
missing at random, to simulate missing data using full
information maximum likelihood for our analytical sample of
2873 households across 10 sites. Finally, we fitted two
additional models with the subset of 1797 households that
experienced any level of intermittency (i.e., intermittency > 0)
and added the predictability indicator to assess the association
of predictability with emotional distress and stressful behaviors
independent of intermittency. As a robustness check, we
computed all four models with the interruptions item
operationalized in two ways. We modeled interruptions as an
ordinal variable to interpret the effect for each frequency level
of interruptions, and then modeled interruptions as a
continuous variable to facilitate an overall comparison of
effect size with the binary predictability item. Given the variety
of levels of measurement in our indicators, we reported all
model results using standardized regression coeflicients to
simplify comparison of model coefficients within a given
model.

All statistical analyses were performed in Stata v16
(StataCorp, College Station, TX) and interpreted with a
statistical significance threshold of a < 0.0S. Ethical oversight
of the analysis was provided by the institutional review board
at the University of Miami through an interinstitutional
agreement with Northwestern University. Oversight of the
original data collection is described elsewhere.*”

3. RESULTS

3.1. Descriptive and Bivariate Analyses. Frequency
statistics [mean and standard deviation (SD)] for all
independent measures are presented in Table 3, along with a
measure of each indicator’s bivariate correlation with the
emotional distress and stressful behaviors scores. More frequent

https://doi.org/10.1021/acs.est.3c08443
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Table 4. Linear Regression Models of the Relationships between Water Supply Interruptions and Emotional Distress and
Stressful Behaviors Scores, Controlling for Household Characteristics (n = 2873)“

model 1: emotional distress score

model 2: stressful behaviors score

characteristic p RSE
interruptions (0—3) 0.487%%* 0.054
household size (1—27) 0.066%* 0.023
female head of household 0.020 0.020
primary drinking water source (1—6)[’ 0.039 0.049
water storage (1—3) —0.173%%* 0.033
social status (1—10)° 0.031 0.036
Water status (1—10)” 0.292 %% 0.028
urban site 0.093 0.075
dry season 0.103 0.089

95% CI p RSE 95% CI
0.381-0.593 0.391%** 0.060 0.273—0.508
0.022—0.111 0.069* 0.032 0.005—0.132
—0.019 to 0.059 —0.013 0.015 —0.043 to 0.018
—0.058 to 0.135 0.047 0.053 —0.056 to 0.151
—0.238 to —0.108 —0.181%** 0.040 —0.259 to —0.103
—0.039 to 0.101 0.069* 0.035 0.001-0.138
0.238—0.346 0.228%** 0.037 0.156—0.300
—0.05S to 0.240 0.083 0.088 —0.090 to 0.256
—0.071 to 0.277 0.136 0.076 —0.012 to 0.285

P < 0.05; ¥*P < 0.01; *¥*P < 0.001. Model 1: R* = 0.51; model 2: R* = 0.39. 8 = standardized coefficient; RSE = robust standard error; 95% CI
= 95% confidence interval. bHigher values indicate lower source quality and social/water status.

Table 5. Linear Regression Models of the Relationships between Water Supply Interruptions and Predictability, and Emotional
Distress and Stressful Behaviors Scores, Controlling for Household Characteristics (n = 1797)%Y

model 1: emotional distress score

model 2: stressful behaviors score

characteristic p RSE
interruptions (0—3)” 0.373%%% 0.058
predictability” —0.094%%% 0.023
household size (1-27)" 0.048 0.037
female head of household 0.036 0.027
primary drinking water source (1—6) 0.005 0.057
water storage (1—3) —0.160%** 0.036
social status (1—10) 0.014 0.049
water status (1—10) 0.264%%* 0.044
urban site 0.191% 0.096
dry season 0.163%* 0.076

95% CI p RSE 95% CI
0.260—0.486 0.249%** 0.036 0.179-0.319
—0.138 to —0.049 —0.120%%* 0.036 —0.191 to —0.049
—0.025 to 0.121 0.042 0.042 —0.039 to 0.124
—0.016 to 0.089 —0.001 0.019 —0.039 to 0.037
—0.107 to 0.116 0.006 0.055 —0.102 to 0.113
—0.230 to —0.090 —0.158%** 0.026 —0.210 to —0.106
—0.083 to 0.111 0.0526 0.045 —0.036 to 0.141
0.177-0.351 0.256%** 0.024 0.209-0.303
0.003—-0.378 0.175 0.095 —0.011 to 0.362
0.013—-0.313 0.122% 0.059 0.006—0.238

P < 0.05; ¥¥P < 0.01; ##¥¥P < 0.001. Model 1: R* = 0.39; model 2: R* = 0.28. 8 = standardized coefficient; RSE = robust standard error; 95% CI
= 95% confidence interval. bHigher values indicate lower source quality and social/water status.

water supply interruptions were positively correlated with
emotional distress (p = 0.64, P < 0.001) and stressful behaviors
scores (p = 0.53, P < 0.001), while predictability was negatively
correlated with these scores (r = —0.21, P < 0.001 for each).
Among the remaining household characteristics, only water
storage—a key adaptation behavior to water insecurity—was
associated with lower emotional distress (p = —0.05, P < 0.01)
and stressful behaviors scores (p = —0.08, P < 0.001). Larger
household size, a safer primary drinking water source, lower
social status, lower water status, and being interviewed during
the dry season were all positively correlated with higher
emotional distress and stressful behaviors scores.

3.2. Multivariable Analysis. The multivariable models
assessing the relationship between the frequency of water
supply interruptions and the emotional distress and stressful
behaviors scores are presented in Table 4. We observed similar
positive relationships between each of these scores and
interruption frequency, controlling for household character-
istics, in support of our first hypothesis. We present results of
the models with interruptions operationalized as a continuous
variable for ease of interpretation relative to other terms in the
model. See Table SI in the Supporting Information for an
additional model with interruptions operationalized as an
ordinal variable. We interpret the standardized coeflicients in
these models as a 1 SD unit increase in a given independent
measure resulting in f SD units increase in the emotional
distress or stressful behaviors score.

7014

In model 1, experiencing more frequent interruptions was
associated with a higher emotional distress score (standardized
beta [f] = 0.49, robust standard error [RSE] = 0.0S, P <
0.001). Household size (# = 0.07, RSE = 0.02, P = 0.004) and
water status (f = 0.29, RSE = 0.03, P < 0.001) were also
associated with a higher emotional distress score, while water
storage was associated with a lower emotional distress score (f3
—0.17, RSE = 0.03, P < 0.001). The model’s coefficient of
determination (R*) was 0.51, suggesting that the model
explained about 51% of the variation in emotional distress.

In model 2 and consistent with findings for emotional
distress, experiencing more frequent interruptions was
associated with a higher stressful behaviors score (f = 0.39,
SE = 0.06, P < 0.001). Household size (8 = 0.07, RSE = 0.03, P
= 0.034), social status (f = 0.07, RSE = 0.04, P = 0.046), and
water status (f = 0.23, RSE = 0.04, P < 0.001) were all
associated with a higher stressful behaviors score, while water
storage was associated with a lower stressful behaviors score (8
—0.18, RSE 0.04, P < 0.001). The coefficient of
determination for this model was 0.39.

In both models in Table 4, experiencing more frequent
interruptions also produced the largest standardized coef-
ficients in each model relative to other known correlates of
water-related distress. The coefficients for interruptions (0.49
and 0.39) were 66—71% higher than those for water status
(0.29 and 0.23), and double the magnitude of the coefficients
for water storage (—0.17 and —0.18), a key adaptive behavior
for mitigating water insecurity.
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The multivariable models assessing the relationship between
predictability of interruptions and the emotional distress and
stressful behaviors scores are presented in Table 5. These
models were fitted to the subset of 1797 households that
reported experiencing interruptions at least once in the past 4
weeks and with interruptions operationalized as a continuous
variable (see Table S2 in the Supporting Information for
additional models with interruptions operationalized as an
ordinal variable). We observed similar relationships between
each of these scores and the indicators for predictability,
controlling for intermittency, and other household character-
istics, in support of our second hypothesis.

In model 1, experiencing more frequent interruptions was
associated with a higher emotional distress score (= 0.37, RSE
= 0.06, P < 0.001) and the predictability of those service
interruptions was associated with a lower emotional distress
score (f# = —0.09, RSE = 0.02, P < 0.001). These relationships
suggest that water service predictability mitigated approx-
imately 25% of the relationship between interruptions and
emotional distress. In addition, low water status ( = 0.26, RSE
= 0.04, P < 0.001), urban location (f = 0.19, RSE = 0.10, P =
0.046), and the dry season (ff = 0.16, RSE = 0.08, P = 0.033)
were all associated with a higher emotional distress score, while
water storage was associated with a lower emotional distress
score (f = —0.16, RSE = 0.04, P < 0.001). The model’s
coefficient of determination was 0.39.

In model 2, experiencing more frequent interruptions was
associated with a higher stressful behaviors score (f = 0.25, RSE
= 0.04, P < 0.001) and the predictability of those service
interruptions was associated with a lower stressful behaviors
score (f# = —0.12, RSE = 0.04, P = 0.001). These relationships
suggest that water service predictability mitigated approx-
imately 50% of the relationship between interruptions and
stressful behaviors. In addition—and similarly to the corre-
sponding model of emotional distress—water status (ff = 0.26,
RSE = 0.02, P < 0.001) and the dry season (ff = 0.12, RSE =
0.06, P = 0.04) were associated with a higher stressful behaviors
score, while water storage was associated with a lower stressful
behaviors score (f = —0.16, RSE = 0.03, P < 0.001). The
coeflicient of determination for this model was 0.28.

The two models containing the predictability item also
produced larger coeflicients for experiencing more frequent
interruptions, relative to the remaining covariates. In the model
of emotional distress, interruptions produced the largest
coefficient (0.37), which was approximately 40% higher than
water status (0.26), and the coefficient of predictability
(—0.09) approached that of water storage (—0.16). In the
model of stressful behaviors, the coeflicient for interruptions
(0.25) was comparable to that of water status (0.26), whereas
predictability (—0.12) was comparable in magnitude to water
storage (—0.16) and seasonality (0.12).

Table S2 (Supporting Information) contains the robustness
check of the models in Table S, but with interruptions
operationalized as an ordinal variable. All of the covariate
relationships and coefficients of determination are nearly
identical, and the directions of the associations between
interruptions, predictability, and the emotional distress and
stressful behaviors scores are consistent with Table S, providing
additional evidence of the role of predictability. The models in
Table S2 provide separate model coefficients for households
who reported experiencing interruptions sometimes, and often
or always, relative to those who reported them rarely. In these
models, water service predictability mitigated nearly 54% of the
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relationship between interruptions and emotional distress, and
100% of the relationship between interruptions and stressful
behaviors, among households who reported interruptions
sometimes. Predictability mitigated 21% of the relationship
between interruptions and emotional distress, and 41% of the
relationship between interruptions and stressful behaviors,
among households who reported interruptions often or always.

4. DISCUSSION

This study used household data from ten sites distributed
across three continents to demonstrate that a higher frequency
of water supply interruptions is associated with a higher
frequency of water-related emotional distress and stressful
behaviors. This finding is consistent with studies that have
previously reported negative psychosocial impacts of unreliable
water supplies and the various ways in which households cope
with unreliable supplies.' ' '>'?772>*~%" The magnitude of
the associations between water supply interruptions and
emotional distress and stressful behaviors was generally much
larger than the associations for several covariates long known
to be correlates of water-related distress, underscoring the
salience of our results.

Our analysis also demonstrated that when households
expected their water supply interruptions (or otherwise
perceived them to be predictable), the frequency of emotional
distress and stressful behaviors associated with interruptions
was mitigated by 25 and 50% respectively. This mitigation
effect was slightly lower for households who experienced the
most frequent level of interruptions but doubled for house-
holds that only experienced occasional interruptions. These
relationships were stronger than those reported in a study that
examined the effect of text message notifications for
resumption of water supply in India,** and suggest that
information about supply interruptions—or the perception of
predictability—may reduce associated negative emotions and
stressful behaviors. These findings support further theory-
building around potential causal relationships among water
disruptions, undesirable emotions, and adaptation (or
maladaptation) through coping behaviors.

4.1. Implications for Water Service Delivery. These
findings suggest that in contexts where water utilities and
service providers struggle to provide continuous supplies, some
of the adverse impacts of intermittency may be mitigated by
careful management and communication of the intermittency
in a way that helps households to adapt. For example, where
piped systems have resorted to IWS to serve a larger
population than they were designed for, the costs of providing
continuous services may be prohibitive.’” For a fraction of the
cost, better operational practices can improve the predictability
of system intermittency—potentially combined with better
public awareness of the timing of service interruptions—
thereby reducing some of the negative impacts on users. Some
cities already do this; utilities will publicize the municipal water
rationing schedule so that residents know the days, or even
hours, of their neighborhood’s water allocation,*”! though the
user impact ultimately depends on the utility’s adherence to
the schedule.

Systems designed to provide information to water users
about rationing schedules explicit!?f acknowledge the benefits
of this information for users,*®* assuming that such
knowledge can facilitate adaptation and coping by households
and communities to reduce the impact of water supply
interruptions. If supply interruptions are unavoidable, users
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may prefer a supply with a lower performance (measured
strictly as hours of supply per day) but with more reliable
interruptions, thus implying a theoretical “predictability
premium.”>” Notification systems are also predicated on
utilities understanding the adequacy of the water they supply,
which is not always the case. Households may be viewed by the
service provider as having continuous water service even if low
pressure renders that service inadequate; thereby, a continuous
supply with intermittent pressure may unintentionally make
households ineligible for notifications.

In rural contexts, information about intermittent water
sources—such as groundwater sources where access fluctuates
seasonally or with precipitation events—is generally spread by
word-of-mouth. Sensors and mobile technology may present
opportunities for notification systems that save residents time
by steering them to the “best” available water source (e.g.,
cleanest, nearest, or fastest-flowing), but most of the sensor
research for rural water systems has focused on water quality,
usage patterns, or infrastructure maintenance.””” >

Interruption frequency was also positively associated with
increased water storage, which is a ubiquitous adaptation
strategéyythat helps households cope with service interrup-
tions.””’" If a household can afford automatic pumps that
sense water pressure and fill plumbed household storage tanks,
then unpredictable water services may become invisible to
users (to the extent of their tank size). In this fashion,
households and businesses with intermittent water supplies can
create their own de facto continuous supply. In lieu of this level
of household infrastructure, predictable water supply inter-
ruptions may make it easier for household-level adaptation,
such as more efficient timing of trips to water access points, or
scheduling one’s availability to turn on pumps, manually fill
containers, or manage household water treatment. Future
interventions could explore combining improved storage
capacity, point-of-use water quality technologies, and advanced
notices of water service disruption to maximize the impact.

4.2. Global Monitoring and Definition of Water
Services. The distinctions between predictable and unpredict-
able intermittency also have important implications for global
water monitoring efforts. The definition of sustainable
development goal (SDG) indicator 6.1.1, “safely managed
drinking water services,”—the highest level of water service
defined by the WHO’s JMP service ladder—includes a
criterion for water access that accommodates intermittency.
“Water is counted as “available when needed” if households
report having “sufficient” water, or water is available “most of
the time” (that is, continuously or for at least 12 h per day or 4
days per week).”" This indicator implies that water source
intermittency—and subsequent household adaptations—may
not only be acceptable, but within the bounds of what global
elites deem to be a high quality water service.

This JMP framing may inadvertently position the
intermittent supply as a norm, but our results suggest that
this broad definition of “safely managed drinking water
services” covers a wide range of user experiences and
responses. Households who know of interruptions in advance
may have a much better experience than those who do not, and
household storage may be the key to intermittent water being
“available when needed” within the home. If an IWS continues
to qualify as a high-quality water service in the post-SDG era,
then global monitoring regimes will need to account for
different experiences of intermittency and household adapta-
tion strategies to accurately quantify “available when needed.”
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In contexts where decentralized solutions are cost-effective
approaches to clean water provision, user acceptance of these
systems may also depend on passive approaches to managing
intermittency that do not burden users with stressful water
management or infrastructure maintenance tasks.>>”

4.3. Limitations and Future Research. Our findings are
limited by the study data gathered by a parent study
investigating multiple aspects of water insecurity but with
few questions about intermittency. We do not know to what
extent the survey questions about emotional distress and
stressful behaviors were perceived as linked to questions about
supply interruptions. We also could not distinguish between
random or nonrandom interruptions or estimate their severity
(e.g, an outage vs a significant drop in pressure that
precipitates coping or distress), and we did not have
information about the timing or duration of interruptions or
households” advance knowledge of them. The responses we
used to construct the scores for emotional distress and stressful
behaviors were self-reported subjective measures.

Although many of the survey items used in this study were
demonstrated to have cross-cultural equivalency during the
construction of the HWISE scale,”® because the data were
gathered by different teams in different languages, there is also
potential bias in how study participants interpreted the
meaning of water source interruptions. For example, pride in
effective coping with intermittency can lead to a higher stated
satisfaction with intermittent water service.”’ This may lead to
under-reporting of emotional distress and—consequently—
water insecurity. The small number of sites that implemented
the predictability survey item also limits the generalizability of
our findings to similar water-insecure sites in Latin America
and Asia. Attitudes and local adaptive responses to
unpredictable water supplies may differ in Europe, North
America, or Africa.

This study also did not assess any objective measures of
physical health or water quality, although the stressful
behaviors indicator contained a perceived component, “drank
water perceived to be unsafe.” Potable water has long been
linked to good health,®" and even infrequent switching to
unsafe water sources can undermine health gains.®” Predictable
intermittency will not directly reduce water-related infections
related to microbial contaminants entering depressurized
pipes, which is one of the main pathways linking intermittency
and poor health.”® But if residents are aware of interruptions,
they can potentially avoid drinking water that is more likely to
be contaminated and reserve it for nondrinking purposes.
Other disease pathways for water-related diseases may be
reduced through the better management of intermittency. For
example, a study that observed an association between
unpredictable water supply and dengue fever theorized that
this relationship may have been related to mosquito breeding
in water storage containers which were an adaptation to
unpredictability.”® The relationships between predictability
and other well-established pathways for water-related diseases
warrant further research.

To fully understand the role of predictability as a buffer from
adverse health outcomes, future studies should investigate the
relationships among intermittency, predictability, and a
broader range of health outcomes associated with water
insecurity. Additional studies could assess the relationship
between predictability and specific coping behaviors and the
effects of those coping behaviors on other dimensions of water
insecurity. These could include gender burdens, inter- and
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intrahousehold conflict, and implications for food insecurity
and nutrition. Determining the additional benefits of
predictability can aid efforts to disaggregate elements of
water supply reliability. This will help practitioners understand
how these elements relate to different components of
household water insecurity and subsequent adaptation and
resilience-building responses, with longitudinal research
needed to determine whether these changes over time.
Because women may experience additional psychosocial stress
due to their role in buffering family members against water
insecurity,">®® future research should be conducted at the
individual level to reveal any gendered impacts of supply
(un)predictability.

Finally, we know little about how the timing, duration,
frequency intervals, or severity of water supply interruptions
affect users and household decision-making. Future studies
should explore the impacts of specific types of interruptions as
well as the extent to which improvements in the
communication of service interruptions improve community
relationships. Water service providers who cannot avoid supply
intermittency may be able to leverage user-oriented predict-
ability metrics to improve user satisfaction and communities’
water security while also directly improving their operations.
For example, optimizing service delivery around the least-
disruptive forms of intermittency could lead to timelier bill
payments and improved revenue collection. There may also be
implicit cost-saving opportunities for operators in cases where
fewer hours of predictable flow are more valued by users than
more hours of unpredictable flow.>> Water supply managers
should thus consider the use of distress-related measures, such
as those used in this study, as part of a comprehensive
operational improvement and cost-savings strategy.

This study demonstrated that water supply interruptions
were associated with water-related emotional distress and
stressful behaviors but also that these stressful responses were
less frequent if water supply interruptions were predictable. By
improving the predictability of service interruptions to users,
water service providers may be able to mitigate some of the
negative impacts of intermittency. A finer-scale understanding
of how unpredictable water supplies affect water insecurity—
and in turn affect physical and mental health, livelihoods, and
other aspects of well-being—would allow policy makers and
practitioners to improve the effectiveness of water supply
interventions and infrastructure operation. Such improvements
to water supply management and communication can
potentially minimize household disruptions, directly buffer
users from negative mental health consequences, and promote
household-level adaptations that also reduce psychosocial
stress and build resilience to water insecurity.
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