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ABSTRACT: Drinking water distribution systems throughout
the world supply water intermittently, leaving pipes without
pressure between supply cycles. Understanding the multiple
mechanisms that aﬀect contamination in these intermittent
water supplies (IWS) can be used to develop strategies to
improve water quality. To study these eﬀects, we tested water
quality in an IWS system with infrequent and short water
delivery periods in Hubli-Dharwad, India. We continuously
measured pressure and physicochemical parameters and
periodically collected grab samples to test for total coliform
and E. coli throughout supply cycles at 11 sites. When the
supply was ﬁrst turned on, water with elevated turbidity and
high concentrations of indicator bacteria was ﬂushed out of
pipes. At low pressures (<10 psi), elevated indicator bacteria were frequently detected even when there was a chlorine residual,
suggesting persistent contamination had occurred through intrusion or backﬂow. At pressures between 10 and 17 psi, evidence of
periodic contamination suggested that transient intrusion, backﬂow, release of particulates, or sloughing of bioﬁlms from pipe
walls had occurred. Few total coliform and no E. coli were detected when water was delivered with a chlorine residual and at
pressures >17 psi.

■

INTRODUCTION
Maintaining continuous positive pressure in drinking water
distribution systems can protect water from contamination as it
ﬂows to consumer taps.1−3 However, more than 120 000 000
people in at least 45 low- and middle-income countries
✔
reportedly receive water through distribution systems that
provide intermittent water supply (IWS), in which pipes are
regularly without pressure.4,5 Additionally, all major cities in
India have IWS (this population was not included in the
previous estimate).6 While the number of people in the world
with access to piped water is increasing, many countries are
limiting supply durations as population growth, urbanization,
and climate change adversely aﬀect water availability.4,7−10
In contrast to systems with continuous water supply (CWS),
distribution systems with IWS provide water through supply
cycles: pipes are at atmospheric pressure when water is oﬀ,
charge when water supply is turned on, remain pressurized
during supply, and depressurize and drain when supply is
turned oﬀ. Although water professionals and researchers
hypothesize that these hydraulics aﬀect water quality, the
mechanisms are not well understood. Given that IWS is likely
to remain the norm in many low- and middle-income countries
for some time, understanding its eﬀect on water quality is
necessary for developing strategies that minimize contamination.
Contamination can enter water distribution systems when
pipes are at low pressure. In IWS systems, this mechanism has
© 2014 American Chemical Society

been hypothesized as the cause of outbreaks of waterborne
diseases11−14 and contamination by indicator organisms,13−17
through there have been no systematic studies of the eﬀect of
regular loss of pressure on water quality. Contamination can
enter as intrusion through infrastructure deﬁciencies (e.g., crack
in a pipe) or backﬂow through cross-connections (a plumbed
connection between a potable water supply and a nonpotable
source) through events that are persistent (e.g., continuous
source or low pressure) or momentary (e.g., pressure
transients).2,18−22 Minimum recommended pressure in distribution systems is 20 psi (14 m) in the U.S., 28 psi (20 m) in
South Africa, and 10, 17, 24 psi (7, 12, 17 m) for a one, two,
and three story building, respectively, in India. Between IWS
supply cycles, pipes are at atmospheric pressure (0 psi); even
while supply is on in IWS, excessive leaks and high demand
(from many consumers simultaneously drawing water during
limited supply durations) can cause low pressure.4,23−27
Additionally, pressure surges can cause transient low pressure.20
Many cities and towns with IWS also lack adequate sanitation
systems, increasing the likelihood that potential contamination
sources contain pathogens.23,28 Although intrusion and backﬂow have been studied in CWS, the frequency and fate of
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Figure 1. Study wards (14, 16, 25, 38, 57) and sampling sites in Hubli and Dharwad. Hubli is located 26 km southeast of Dharwad. Table lists
sampling sites by ward (ward), abbreviated site names (site), neighborhood (location), type of site (type) distinguished as either a direct tap on a
pipe (pipe) or a tap used by consumers (house), a description of the site (including story of house for consumer tap locations), and the estimated
elevation (H) of the pressure sensor above the underground distribution pipes.

can aid in understanding the eﬀect of hydraulic transitions in
IWS on water quality.
The data presented in this paper were collected in India,
which has some of the shortest water supply cycles in the
world.4 The objectives were to understand the mechanisms
aﬀecting water quality throughout supply cycles in IWS, detect
evidence of contamination, and inform and evaluate tools for
measuring water quality in these systems. To our knowledge,
this is the ﬁrst attempt to measure temporal variability in water
quality in an IWS and identify the predominant mechanisms
causing contamination.

contamination from these mechanisms have not been studied
in IWS.
When an IWS is ﬁrst turned on, pressure increases rapidly
and water ﬂows at high velocities. Flushing water at high
velocities through distribution system pipes is a regular
maintenance activity in many CWS systems, as it can remove
stagnant water and accumulated particulates and bioﬁlms from
pipe walls.29−36 Air trapped in the network as empty pipes ﬁll
can scour pipe walls, reduce pressure, block ﬂow, or cause pipe
bursts.26,37,38 An eﬀect similar to ﬂushing is expected at the
beginning of each IWS supply cycle as pipes ﬁll and stagnant
water, intruded contamination, and accumulated particulates
and bioﬁlms are ﬂushed out. While previous studies have
suggested impaired water quality at the start of supply in IWS,
their conclusions were limited by small sample sizes.39,40
Water quality in distribution systems is usually monitored
through grab samples tested for bacterial indicator organisms
(e.g., HPC, total coliform, fecal coliform, and E. coli) and
physicochemical parameters (e.g., turbidity, free chlorine).
While these bacterial indicator organisms do not always behave
the same as actual pathogens, they are useful for identifying
contamination that could contain pathogens. However,
previous studies of water quality in IWS relied on grab samples
and did not account for temporal variations during supply
cycles. Recent studies in CWS have used continuous measurements of water quality to detect deliberate contamination or
changes in operating parameters.41−44 Continuous measurements, informed by testing indicator bacteria in grab samples,

■

MATERIALS AND METHODS
Study Site and Distribution System. This study was
conducted in Hubli-Dharwad, twin cities in Karnataka, India,
between April 2010 and July 2012. The distribution system
providing potable water to Hubli-Dharwad was supplied with
surface water treated by aeration, coagulation and ﬂocculation
with alum, clariﬁcation, rapid sand ﬁltration, and chlorination
with Cl2 gas, which was then provided rotationally to residents.
During the study, households, on average, reported receiving
water for 5 h every 6 days. Water entering the distribution
system from the water treatment plants and service reservoirs
generally had low concentrations of total coliform and E. coli.45
Sampling Locations. Eight wards with intermittent supply
were selected as part of a larger study of the eﬀect of
intermittent and continuous water supply on water quality,
health, and economics.45 Five of these wards (14 and 16 in
Dharwad and 25, 38, and 57 in Hubli) were selected for
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sampling (Figure 1). Seven sampling points were selected in
consultation with the water utility and vertical pipes for
connecting sensors were installed by tapping main lines in
wards 25, 38, and 57. Consumer taps in wards 14, 16, 25, and
38 were selected for sampling based on their availability during
a supply cycle (most taps are used by consumers to draw water
and therefore unavailable for continuous sampling) (Figure 1).
Water Quality and Pressure Monitoring. Three
methods were used for sampling: a multiparameter physicochemical sensor, a pressure sensor, and grab samples tested
for indicator bacteria.
Turbidity, conductivity, free chlorine, temperature, and pH
were measured and recorded every 1 to 4 seconds (s)
(depending on the supply duration) with a YSI 6920DW
Sonde (YSI Inc., Yellow Springs, OH, U.S.A.). Pressure was
measured every 250 ms and the mean, maximum, and
minimum values were recorded every 2 s with a Telog
LPR31 line pressure monitor (Telog Instruments, Victor, NY,
U.S.A.). Where possible, these two sensors were installed at the
same location (Supporting Information Figure S1). Pressure
measurements were corrected for elevation to estimate pressure
in the underground distribution system pipes located
approximately 1 m below ground (Figure 1).
Grab samples were collected from the Sonde outlet in sterile
100 mL bottles containing sodium thiosulfate. The Sonde
outlet was ﬁrst disinfected with a chlorine solution. Samples
were transported on ice to the laboratory and tested for total
coliform and E. coli by the most probable number (MPN)
method using Colilert Quanti-tray 2000 (IDEXX Laboratories
Inc., Westbrook, ME, U.S.A.). Samples were incubated at 35 °C
and counted after 24−28 h. Samples were collected when water
ﬁrst started ﬂowing, every 5 min for the ﬁrst 15 min, every 15
min for the ﬁrst hour, and every 30 min throughout the supply
cycle.
It was not always possible to sample with all three methods
(Sonde, pressure sensor, and grab samples) or throughout an
entire supply cycle due to excessive air, leaks close to the
sampling location, and unreliable start and end timings. The
ﬁnal data set includes 19 supply cycles sampled with both
sensors, 2 with only the Telog pressure sensor, and 8 with only
the Sonde (Table 1); 250 grab samples were collected and
tested for total coliform and indicator bacteria; 127 grab
samples were tested for free chlorine using a DPD method
(Hach Colorimeter II) when the chlorine probe on the Sonde
malfunctioned.
Steady-State Detection. Charge-up (based on pressure
data) and ﬂushing (based on turbidity data) durations were
determined by detecting when the system ﬁrst reached steadystate conditions. We deﬁned steady-state as when the system
experienced few changes besides noise and identiﬁed it as when
the standard deviation of the signal was within a threshold
(based on typical operational standards) of its mean value, a
procedure used in process control applications.46 Because these
study sites did not have typical operations, we deﬁned the
system as reaching steady-state when the rolling 1-min standard
deviation of measurements was ﬁrst within a threshold of the
overall mean, with thresholds of 0.5% for pressure and 1% for
turbidity. These thresholds were based on identifying universal
values for all supply cycles that could be veriﬁed by visual
inspection. Data from supply cycles with observed air bubbles,
which caused spikes in turbidity readings, were ﬁrst smoothed
with a cubic spline.

Table 1. Site (Ward and Location), Date, Duration of Water
Supply (D), and Mean Pressure during Supply (P) of All
Sampled Cyclesa
site

date

D

m/d/y

h

P
psi

charging
min

ﬂushing

%

min

%

2
31
3
1
15
55
25
10
6

2
23
1
0
7
27
12

Ward 14
SAPT
SAPT
SAPT
SAPT
SAPT
SAPT
SAPT
SAPT
SAPT

9/17/10
12/2/10
2/10/11
7/31/11
6/27/12
6/30/12
7/3/12
7/21/12
7/30/12

1.3
2.2
3.9
2.4
3.4
3.3
3.3

RAIL
RAIL

2/15/11
3/2/11

5.9
7.4

LIN-A
LIN-A
LIN-A
LIN-A
LIN-A
LIN-B
PATI
SIDD
SIDD

7/9/11
7/21/11
6/23/12
6/29/12
7/8/12
7/20/12
7/15/11
7/17/12
7/26/12

6.8
4.7
5.7
5.5
5.7
6.6
4
2.9
2.5

GREE
GREE
GREE
GREE
RADJ
SHIV

7/20/11
7/30/11
8/9/11
7/1/12
8/4/11
7/15/11

4.6
7.5
4

BHUS
IDAL
IDAL

8/6/11
8/1/11
8/12/11

2.6

5.4
4.3

16
12
21
Ward 16
20
17
Ward 25
5
7
16
20
18
12
0
17
17
Ward 38
11
23
15
15
14

Ward 57
1
3.2
0
2.5

10
2

5
1

2

1

6

1

14
2
17
14
17
16

3
1
5
4
5
4

28
13

7
5

27
31
25

8
9
6

7
6

4
5

14
3

7
2

6

2

22

8

11
7
7

4

32
31
71
5

13

10
33

2

4

20
2

19
17
42

27

a

The duration for charging (charging, based on pressure data) and
start-up ﬂushing (ﬂushing, based on turbidity data) are presented in
minutes (min) and percent of supply cycle (%).

Event Detection. Pressure data were analyzed to identify
sudden changes in operating pressure and pressure transients,
both of which could degrade water quality by changing shear
stress at pipe walls. Sudden changes in operating pressure were
deﬁned as when the mean pressure recorded every 2 s changed
by more than 1 psi within 30 s. Pressure transients, caused by
rapid changes in ﬂow from a transient surge, can result in
excessively low or high pressure. We analyzed data to detect
transients that had consequences most relevant for this system:
vacuum (<0 psi) or excessively high pressure. International
standards deﬁne excessively high pressure as when pressure
reaches or exceeds (by up to 50%) design pressure;48,49 since
design pressures of the sampled pipes were not known, we
conservatively deﬁned transients as when the 2-s maximum
pressure exceeded 10% of the maximum of the 2-s mean
pressure recorded during the entire cycle.
Turbidity data were analyzed to identify potential contamination events by identifying when measured values diﬀered
from predicted values based on previously observed data
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Figure 2. Each column contains data from one ward (14, 25, 38, and 57). The top row displays turbidity and indicator bacteria data during the ﬁrst 2
h of example supply cycles. The vertical line marks the end of ﬂushing. Bar charts display total coliform and E. coli concentrations during (dark gray)
and after (light gray) ﬂushing for each supply cycle, with the number of positive samples and total number of samples above each bar (+/n). The
date is shown as month/day below each bar, with years in Table 1.

coli used a value of log10(x + 1). Statistical tests using indicator
bacteria data were performed on their rank values to account
for censoring at lower and upper limits. Graphing and data
analysis were carried out using R.50

(general procedure outlined by ref 47). Turbidity data were
adjusted to 2 s time intervals and normalized by subtracting the
mean and dividing by the standard deviation of all previous
data. Normalized data were then used to predict turbidity at the
next time step using an autoregressive moving average
(ARIMA) model. Residuals that exceeded 1 standard deviation
were classiﬁed as events. Multiple events within 1 min were
categorized as the same event. Events were excluded if the
turbidity changed <0.5 NTU within 1 min to ﬁlter noise at low
standard deviations. We also excluded events when air had been
visually observed in the ﬂow cell, turbidity decreased more than
10 NTU in 1 time step (likely from a wiper on the probe
surface activating to clear bubbles), or when conductivity
measured <100 μS/cm (likely from air bubbles). These
procedures resulted in a conservative classiﬁcation of turbidity
events.
Statistical Analysis. Microbial detection limits had a lower
bound of <1 MPN/100 mL (substituted with zero) and an
upper bound of >2419.6 MPN/100 mL (substituted with 2420
MPN/100 mL). Log transformations for total coliform and E.

■

RESULTS
Contamination during Flow Start-up. Water quality
during ﬂow start-up was analyzed using measurements taken
immediately after supply was ﬁrst turned on. This data set
consisted of 23 traces of turbidity at 9 sampling sites, 21 traces
of pressure at 9 sites (Table 1), and 65 grab samples collected
during start-up ﬂushing and 147 grab samples collected after
ﬂushing and tested for indicator bacteria during 15 supply
cycles at 8 sites (Figure 2b,c). Charge-up and ﬂushing periods
were identiﬁed using the procedure described in the Materials
and Methods section.
Atmospheric pressure was recorded in pipes between supply
cycles. When supply was turned on, pressure charged up and
reached steady-state after 2−33 min (1−14% of supply
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Figure 3. Box and whisker plots show the median, lower and upper quartiles, and outliers of indicator bacteria concentrations from all supply cycles
during supply (start-up ﬂushing and draining excluded), grouped by the average pressure and chlorine residual during the 30 min period before each
grab sample was collected and tested for total coliform and E. coli.

and the remaining waste is disposed of in pit latrines, open
drains, and natural water sources.52 Although data on the state
of underground assets are scarce, much of the sewer
infrastructure is quite old, likely resulting in sewage near
potable water pipes. Sources of cross-connections and
frequency of low pressure at consumer taps are reported in
the Supporting Information.
We categorized pressure based on Indian guidelines for one,
two, and three story buildings (7, 12, and 17 m, respectively) as
low (<10 psi), medium (10−17 psi), and high (>17 psi).53
Persistent low and negative pressures were measured
frequently, with pressure <10 psi recorded in ﬁve of the
seven sampled sites that were directly on distribution system
pipes. All sampling days in ward 57 experienced pressure <0 psi
for at least 2 s and as long as 39 min (the latter caused by a leak
on the measured pipe).
Pressure transients were expected when pipes charged up or
down and when valves or pumps were operated nearby (valve
operations are frequent in IWS; see example in Figure 4f).
However, valve operations did not cause transients at any site,
whether up- or downstream of valves. Transients were
identiﬁed during only 1 of 16 supply cycles (Supporting
Information Figure S3), with these 8 transients occurring at a
site located near the end of a line with few outlets and resulting
from expelled air (Supporting Information Figure S4).
Evidence of Contamination during Supply. Low
pressure and contamination were observed frequently enough
to explore the mechanisms aﬀecting water quality in the
distribution system. Evidence of contamination was deﬁned as
high turbidity or high concentrations of indicator bacteria.
Inﬂuence of Pressure and Chlorine Residual on Water
Quality. We examined factors contributing to persistent
contamination by calculating the mean pressure and mean
free chlorine residual during the 30 min before each grab
sample was collected (changing the window size did not
signiﬁcantly aﬀect relationships) (Figure 3).
Total coliform concentrations were signiﬁcantly lower in
grab samples with measurable free chlorine residual (≥0.1 mg/
L) than in those without (<0.1 mg/L) at any pressure (Wilcox
rank-sum, p < 0.01) (Figure 3). E. coli concentrations were
signiﬁcantly lower in samples with chlorine residual than those
without only at medium pressures (10−17 psi) (Wilcox ranksum, p < 0.01). E. coli was present both with and without

durations) (Table 1). Visual observations conﬁrmed that air
was expelled from pipes. Pressure changes and expelled air were
expected to increase shear stress and scour the pipe walls.
Researchers and utilities often use turbidity to indicate the
eﬀectiveness of ﬂushing when used as a maintenance activity in
CWS.29,33,51 Flushing during IWS ﬂow start-up lasted 1−71
min (<1−27% of supply cycle durations), which was longer
than the charging time for pressure during all but one sampled
cycle (Table 1). Average ﬂushing durations were longer at pipes
(31 min) than at house taps (14 min). At sampling points on
pipes, turbidity was very high when supplies ﬁrst turned on and
decreased until reaching a local steady-state (overall mean was
242 NTU during the ﬁrst 30 s and 24 NTU after) (Figure 2).
Turbidity trends were more variable at sampling points at
house taps. While the ﬁrst few readings were often high,
turbidity was often already at steady-state or increased later in
the supply cycle (overall mean was 21 NTU during the ﬁrst 30
s and 27 NTU after). Conductivity and temperature measurements conﬁrmed these general ﬁndings (see Supporting
Information).
During start-up ﬂushing, the geometric mean concentration
was 341 MPN/100 mL for total coliform and 18 MPN/100 mL
for E. coli compared to 17 MPN/100 mL and 1 MPN/100 mL,
respectively, after ﬂushing had ﬁnished (Figure 2). Total
coliform were detected in every sample in all but one supply
cycle, and E. coli were detected in all but three cycles during
ﬂushing, with concentrations above the detection limit
(>2419.6 MPN/100 mL) at several locations.
Pipes charged down when supply was turned oﬀ, with rapid
decreases in pressure followed by draining at low or negative
pressures (Figure 4B, C, D).
Conditions Likely to Cause Contamination during
Supply. We used a similar approach as reported in literature
from CWS systems to identify the potential for intrusion or
backﬂow by assessing the presence of pathways, sources of
contamination, and the occurence of low pressure.18,20,21 Other
mechanisms that potentially caused contamination are
discussed in the following section.
Infrastructure deﬁciencies such as leaks are pathways for
intrusion; in Hubli-Dharwad, 50% of water is estimated to be
lost in the distribution system. Contaminant sources were
common, as only approximately 30% of the area of the city is
sewered, 30% of the city’s sewage is collected in septic tanks,
2770
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Figure 4. Mean pressure (P) recorded every 2 s, turbidity (T) sampled every 1 s, and grab samples tested for indicator bacteria (total coliform/E.
coli, TC/EC) concentrations over time. (A) (a) sustained pressure near 0 psi; (b) elevated indicator bacteria; (c) turbidity event after restarting ﬂow;
(d) possible intrusion event. (B) (e) two turbidity and indicator bacteria spikes during draining (<10 psi). (C) (g, h) turbidity spikes after sudden
changes in pressure, (f) normal valve operation, (D) (i) sudden pressure drop after turning valve oﬀ followed by (j) spike in turbidity. □ total
coliform; × E. coli; DL, detection limit (2419.6); FF, ﬁrst ﬂush; P, pressure event; R, event with match (turbidity and pressure); B, turbidity spike
without change in pressure.

chlorine in samples collected at low pressure, while few E. coli
were detected in samples collected at high pressure. These data
conﬁrm the expected result that the lowest concentrations of
indicator bacteria occurred when water was delivered at high
pressure (>17 psi) with a free chlorine residual.
At medium pressure (10−17 psi), total coliform were
detected in 86% (n = 42) of samples without chlorine and
46% (n = 24) of samples with chlorine (Figure 3).
Concentrations of total coliform were low when there was a
chlorine residual. This variability in contamination levels
suggest that water delivered at these pressures was subject to
occasional contamination in the distribution system.
The only samples positive for E. coli when chlorine was also
present occurred when pressure was low (<10 psi) (Figure 3).
At low pressure (<10 psi), total coliform were present in all but
one sample and E. coli were present in six samples both with (n
= 11) and without (n = 9) chlorine. This frequent detection of
indicator bacteria suggests contamination was persistent at low
pressure (an example is presented in Figure 4A). Turbidity of

>5 NTU likely interfered with maintaining chlorine residual at
medium and high pressure (>10 psi) (Supporting Information
Figure S2).
While some of the detected indicator bacteria may have
originated from inadequate source water treatment, water
provided to all areas originated from the same treatment plants
and similar service reservoirs. Therefore, it is likely that the
observed contamination occurred in the distribution system.
Detecting indicator bacteria in the presence of a chlorine
residual suggests contamination was localized or bacteria were
protected by aggregating with other particles.54,55 Additionally,
detecting total coliform at concentrations >2419.6 MPN/100
mL frequently and detecting E. coli concentrations >100 MPN/
100 mL in 9% (n = 43) of samples indicate that wastewater may
have entered the distribution system via intrusion.
Continuous Time Series Data. While analysis of real-time
data provided further insight into water quality, we discovered
that this distribution system was highly dynamic with unique
data from each site and supply cycle. Pressure and water quality
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that measured elevated turbidity and indicator bacteria during
ﬂushing from turning over stagnant water and scouring
particulates and bioﬁlms from pipe walls.33,35,36 Although
bacteria could have grown in stagnant water left in pipes
between supply cycles, the extremely high concentrations
measured in some cases are strong evidence that contamination
had entered the distribution system pipes while the supply was
oﬀ.
The ﬂushing observed at the beginning of each supply cycle
is potentially beneﬁcial for water quality, as contaminated water
and accumulated materials on pipe walls can be ﬂushed out.
However, the data suggest several features that may limit these
beneﬁts. Sustained high or variable shear stress at pipe walls are
necessary to remove accumulated particulates and bioﬁlms; in
some cases, short charge-up durations or low pressure could
limit the change in shear stress. During planned ﬂushing in
CWS, the ﬂush water is treated as wastewater. However, in this
studied system, consumers were observed using or storing
highly contaminated ﬂush water. The long durations of elevated
contamination we observed during ﬂow start-up (up to 25% of
the supply cycle) suggest consumers would need to wait for
long durations to avoid ﬂush water. Despite these limitations,
ﬂushing could be optimized to be a tool for improving water
quality in IWS by increasing pressure and diverting and
avoiding use of ﬂush water (e.g., keeping consumer taps closed
when supply starts).
Contamination during Supply. We found evidence to
suggest that the main mechanisms that can potentially cause
contamination in the distribution system during supply
intrusion, backﬂow, resuspension of particulate matter, or
sloughing of bioﬁlms from pipes wallsoccurred during the
observed supply cycles.
Pathways, contaminant sources, and frequent low pressure
all conditions likely to lead to intrusion or backﬂowwere
common in this distribution system, as shown in the Results
section. Water delivered at pressure <10 psi (low by most
international standards) had consistently high concentrations of
indicator bacteria, suggesting that persistent contamination
occurred in the distribution system and chlorine was
insuﬃcient to inactivate intruded indicator bacteria.
We observed occasional contamination when water was
delivered between 10 and 17 psi. Turbidity or indicator bacteria
spikes measured after a sudden change in operating pressure
suggest bioﬁlm sloughing or particulate release, while turbidity
spikes that did not follow a hydraulic event may have resulted
from intrusion, backﬂow, or spontaneous releases from pipe
walls.
We conﬁrmed the expected result that water delivered at
high pressure (>17 psi) with a detectable disinfectant residual
(≥0.1 mg/L) had low concentrations of indicator bacteria.
While water delivered at high pressure had the lowest levels of
contamination, our data suggest that a minimum of 10 psi may
still protect against persistent contamination, although higher
pressures may be necessary to prevent momentary intrusion or
backﬂow. Future research should be directed toward identifying
the minimum pressures for preventing both persistent and
periodic contamination events.
While valve operations both up and downstream from
sampling sites were frequent, these operations did not produce
detectable pressure transients. A likely explanation is that the
high demand and numerous pathways to the environment
dissipated pressure waves, dampening the eﬀect of transients.56

indicators varied over time and between days due to changing
valve operations and consumer demands (e.g., turbidity, which
is typically steady in CWS, was highly variable). Although it was
not possible to identify overall trends given this variability, in
this section, we present evidence of likely contamination events
and hypothesized the mechanisms causing these events.
Eighty four hours of pressure and turbidity data during
eighteen supply cycles were analyzed for events. Likely
contamination, indicated by turbidity spikes, was diﬀerentiated
by possible causal mechanism: if a sudden change in operating
pressure had occurred in the 10 min before a turbidity spike,
this was considered an event that may have been particulate
release or bioﬁlm sloughing (R), while a turbidity spike without
a hydraulic trigger indicated likely backﬂow or intrusion (B).
Changes in operating pressure without a subsequent turbidity
event were also identiﬁed (P) (Figure 4; additional examples
are presented in Supporting Information Figure S5). Since
indicator bacteria were collected as grab samples, correlations
with continuous measurements were not possible. However,
the data provided insight into contamination events.
During one cycle at BHUS, elevated total coliform and E. coli
concentrations were detected throughout despite the presence
of a chlorine residual (Figure 4A). Pressure was near 0 psi for 1
h 28 min (Figure 4a), during which indicator bacteria
concentrations increased (Figure 4b) (since there was no
ﬂow to the Sonde, turbidity could not be measured). A
turbidity spike was detected when ﬂow restarted (Figure 4c).
Since pressure was very low at the beginning of the supply
cycle, there may have been insuﬃcient shear stress during startup to ﬂush out contamination that had entered pipes when
supply was oﬀ, while low pressure throughout may have
allowed persistent intrusion or backﬂow.
During the same cycle, a 50-s turbidity spike without a
change in operating pressure was detected when pressure was
<10 psi, which could have indicated intrusion or backﬂow
(Figure 4d). A similar phenomenon occurred at RADJ, where
two spikes lasting 2−3 min were detected during draining when
pressure was 6 psi along with elevated total coliform and E. coli
(Figure 4e).
Two turbidity spikes that occurred after a rapid decrease in
pressure from an average of 18 psi suggested likely release of
particulates from sloughing of bioﬁlms (Figure 4g, h). During
this cycle, the highly variable turbidity may have reduced
chlorine residual and been related to elevated indicator bacteria
concentrations (Figure 4C). Pressure events also occurred
without a subsequent turbidity spike (Figure 4C, D); in these
instances, there may have been no contamination to release or
contamination may not have been indicated by turbidity.
Turning supply oﬀ (as reported by the valve operator)
caused a rapid decrease in pressure and persistent low pressure
which was associated with a turbidity event during one sampled
supply (Figure 4i, j) that may have signaled intrusion or
particulate release or bioﬁlm sloughing.
While pressure transients would have been expected to cause
a sudden change in shear stress that could aﬀect water quality,
they occurred in only one observed supply cycle (Supporting
Information Figure S4). During this cycle, it was not possible to
measure turbidity due to excessive air in the ﬂow cell.

■

DISCUSSION
Flow Start-up. When supply was ﬁrst turned on, water
emerged from the pipes with elevated turbidity and indicator
bacteria concentrations. This is consistent with studies in CWS
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■

The only observed transients resulted from expelling trapped
air.
Other mechanisms aﬀecting water quality in CWSbacterial
regrowth or accumulation on pipe walls during stagnation
were likely not important in this system given the short supply
durations, although they may be more important in IWS
systems with longer supply durations.
Measuring Water Quality in Intermittent Systems. To
our knowledge, this is the ﬁrst study of water quality
throughout IWS supply cycles. It is important to note that
this distribution system represents severe intermittency: water
delivery was infrequent and supply durations were short. While
this is fairly representative of other cities in India, the dynamics
may diﬀer in cities with more moderate intermittency.
These results suggest that water quality monitoring in a
dynamic IWS requires special considerations. The temporal
variability we foundparticularly that water is most contaminated at the beginning of a supply cyclewould change
interpretations of monitoring data. In addition to measuring
indicator bacteria (commonly a part of monitoring programs),
periodic chlorine residual and pressure were important for
assessing potential risk to water quality (continuous, highfrequency monitoring are likely not useful).
These results also inform and highlight the challenges of
research on water quality in dynamic IWS systems. Since each
supply cycle in this system was unique, human observations and
information on distribution system assets and operations were
necessary to interpret and validate data (e.g., supplies started
and stopped, air bubbles persisted, etc.). Continuous turbidity
measurements were the most useful indicator of ﬂow start-up
and ﬂushing, a ﬁnding consistent with studies in CWS, and an
empirical approach for measuring charge-up and ﬂushing
durations was useful given that hydraulic models were
unavailable. Turbidity was also somewhat useful for detecting
potential contamination events, although air bubbles interfered
with readings and indicator bacteria were often detected in the
absence of turbidity events. Continuous measurements of
conductivity, temperature, and pH (discussed in Supporting
Information) provided minimal insight into mechanisms
aﬀecting contamination, and continuous chlorine measurements may be a more useful indicator in systems that regularly
maintain a chlorine residual. Indicator bacteria were useful for
detecting persistent contamination and understanding varying
risks to water quality over time and between locations;
however, since these are collected as grab samples, they could
not be used to detect short contamination events.
The tools and analysis techniques developed in this research
can be applied to other water supply systems. Applying similar
methods to data from other types of IWS systems would help
with understanding the spectrum of IWS practices and their
diﬀerential impacts on water quality, while research on more
controlled IWS conditions could be used to distinguish
between mechanisms causing contamination.
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