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Water availability and sustainability in the Western United States is a major ﬂashpoint among expanding
communities, growing industries, and productive agricultural lands. This issue came to a head in 2015 in
the State of California, when the State mandated a 25% reduction in urban water use following a multiyear drought that signiﬁcantly depleted water resources. Water demands and challenges in supplying
water are only expected to intensify as climate perturbations, such as the 2012e2015 California Drought,
become more common. As a consequence, there is an increased need to understand linkages between
urban centers, water transport and usage, and the impacts of climate change on water resources. To
assess if stable hydrogen and oxygen isotope ratios could increase the understanding of these relationships within a megalopolis in the Western United States, we collected and analyzed 723 tap waters
across the San Francisco Bay Area during seven collection campaigns spanning 21 months during 2013
e2015. The San Francisco Bay Area was selected as it has well-characterized water management strategies and the 2012e2105 California Drought dramatically affected its water resources. Consistent with
known water management strategies and previously collected isotope data, we found large spatiotemporal variations in the d2H and d18O values of tap waters within the Bay Area. This is indicative of
complex water transport systems and varying municipality-scale management decisions. We observed
d2H and d18O values of tap water consistent with waters originating from snowmelt from the Sierra
Nevada Mountains, local precipitation, ground water, and partially evaporated reservoir sources. A
cluster analysis of the isotope data collected in this study grouped waters from 43 static sampling sites
that were associated with speciﬁc water utility providers within the San Francisco Bay Area and known
management practices. Various management responses to the drought, such as source switching,
bringing in new sources, and water conservation, were observed in the isotope data. Finally, we estimated evaporative loss from one utility's reservoir system during the 2015 water year using a modiﬁed
Craig-Gordon model to estimate the consequences of the drought on this resource. We estimated that
upwards of 6.6% of the water in this reservoir system was lost to evaporation.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Developing and maintaining secure and readily-available
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sources of drinking water is of vital importance to municipalities
and urban centers. As a city grows, so does its impact on the
environment and water resources (Vorosmarty et al., 2010). Within
the United States, communities that outgrow the initial water
source available in the area typically develop a greater reliance on
non-local, transported water to sustain the needs of a growing
population (Ghassemi and White, 2007). This pattern has been
repeated throughout the Western United States (Fort et al., 2012),
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where all major metropolitan regions in the American West now
depend on non-local water to some extent (Good et al., 2014). Thus,
the challenge to maintain drinking water to a populace becomes
increasingly difﬁcultdand expensivedgiven rises in demand, distance of available water source(s) from urban centers, enhanced
risk for contamination, and changes in climate (Gleick, 2003).
Municipal water managers rely on numerous technologies to
ensure they have the capacity to deliver the necessary quality and
quantity of water for their consumers. Providers ensure water
quality meets the Safe Drinking Water Act through extensive
analytical testing overseen by state and federal environmental
protection agencies (e.g., www.epa.gov/dwstandardsregulations).
To assess water quantity within supply areas, water managers most
often apply deterministic or probabilistic network analyses to
determine the ﬂow rates and pressures in sections of their water
supply network (Mutikanga et al., 2013; Puust et al., 2010). Network
analysis is generally robust to the ﬁrst-order, but is computationally
intensive due to the lack of unique solutions (Puust et al., 2010;
Waldrip et al., 2016). In addition, the accuracies of these analyses
are difﬁcult to verify, due to lack of ﬁeld measurements within the
networks (Waldrip et al., 2016). Within the surface storage systems
(i.e., reservoirs, lakes, etc.), bathymetric/topographic surveys are
used to generate stage-capacity curves. Water levels are then
measured and converted to volume using the stage-capacity curves.
In surface storage systems that receive local precipitation, runoff,
and stream ﬂow, geospatial analysis of topography with rainfall
amounts is used along with stream ﬂow gauges on signiﬁcant
tributaries. These approaches may incorporate signiﬁcant uncertainties due to spatially heterogeneous precipitation amounts
and seepage/inﬂux of groundwater, among other variables.
Relative stable hydrogen and oxygen isotope ratios of culinary
and stored water may provide a complementary approach for water
managers and decision makers to assess water sources and mixtures within their water networks and storage systems. Stable
hydrogen and oxygen isotope values of tap waters coupled with
infrastructure information and volumetric data could offer an
additional method to test and quantify the ﬂow patterns within a
water utility (Jameel et al., 2016; Ueda and Bell, 2016). Also,
collection and stable isotope analysis of tap waters is methodologically very straightforward and allows for data to be uniquely
connected to the end user e the individual consumer. In addition,
stable hydrogen and oxygen isotope values of waters within surface
storage systems can be used to quantify evaporative loss, as well as
the mixture of source waters (Bowen et al., 2007; Ehleringer et al.,
2016; Li et al., 2015). These latter applications may be useful for
water utilities in highly evaporative climates and/or ones that
receive complex mixtures of source waters. Municipal water
managers are required to report the sources of the drinking waters
provided to the consumer yearly under the Safe Drinking Water Act
and these water sources may vary within a water network or due to
management strategies. These changes in source water are difﬁcult
to track using physical models, and in such cases, stable isotope
analysis of water may offer water managers and utilities a novel
method to comply with federal requirements (Ehleringer et al.,
2016).
The Greater San Francisco Bay Area (SFB, San Jose-San FranciscoOakland Combined Statistical Area), like many other Western
United States metropolitan areas, relies heavily on non-local,
transported water to quench the thirst of nearly 9 million people
(U.S. Census Bureau, 2016). The SFB is the ﬁfth largest combined
statistical area in the United States (U.S. Census Bureau, 2016) and
the diverse and complex water management system supplying
communities within the SFB is well documented. In the SFB,
transported waters largely derive from high elevation areas in the
Sierra Nevada, where the majority of precipitation falls as snow and
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winter rain. These areas are highly sensitive to climate variations,
and recently, these catchments have been impacted by an unparalleled multi-year regional drought that limited delivery of winter
precipitation to the Sierra Nevada Mountains (Grifﬁn and
Anchukaitis, 2014; Swain, 2015). The region has also been subjected to increases in temperature that led to evaporation from the
open reservoirs commonly used to store municipal water supplies
in the SFB, with Northern California's major reservoirs holding only
38% of the historic average (Thomas and Carlson, 2015). These
factors provided the impetus for the unprecedented Statemandated reduction of water usage by 25% in cities and towns
across California (Brown, 2015).
Within the SFB, municipalities may rely on only a few water
sources, purchase their water supplies entirely from other municipalities, or have a diversity of water sources. In this study, we
demonstrate that the stable hydrogen and oxygen isotope ratios of
SFB tap waters vary as a function of the water's environmental
origin and that stable hydrogen and oxygen isotope ratios of water
within the SFB clearly indicate the boundaries between regions that
have different water sources and management practices. We suggest that variations in the stable hydrogen and oxygen isotope ratios of tap water are indicative of seasonal climate dynamics, as well
as source water switching: both in response to the drought and as a
normal water management strategy. In one region with wellcharacterized water uses, we apply a mixing model to deﬁne
mixtures of water sources and a modiﬁed Craig-Gordon model of
evaporation to quantify evaporative loss from the system.
2. Materials and methods
2.1. Tap water samples and spatial survey
Water samples were collected from public taps throughout the
San Francisco-Oakland-Fremont (CA) and San Jose-SunnyvaleSanta Clara (CA) metropolitan areas (hereafter, the SFB). Samples
were collected quarterly (i.e., four times a year) over a 21-month
period beginning in December 2013 for a total of seven collection
trips (winter 2013/2014, spring 2014, summer 2014, fall 2014,
winter 2014/2015, spring 2015, and summer 2015). Collection trips
lasted 3e5 days and all water samples for a given survey were
collected during this period. A total of 723 tap waters were
collected from the SFB during these seven collection trips. Water
samples were obtained from 282 sites within the SFB (Fig. 1), in ﬁve
regionsdthe City and County of San Francisco (“San Fran”), Marin
County (“Marin”), East Bay, South Bay, and the Peninsuladserviced
by ﬁve major water suppliers: San Francisco Public Utility Commission (SFPUC), East Bay Municipal Utility District (EBMUD),
Marin Municipal Water District (MMWD), Alameda County Water
District (ACWD), and Santa Clara Valley Water District (SCVWD).
During subsequent collection trips, the initial sampling site was
revisited and a water sample was collected from the same tap as
previously sampled. If an initial sampling site was inaccessible
during any subsequent visit, a new nearby location was selected
and substituted for the initial sampling location for that given
collection interval. Of the 282 sites, 43 sites were revisited during
each collection campaign from spring 2014 until summer 2015, a
total of six collection trips. These 43 Static sites, visited six separate
times, were used for spatial and temporal analyses while the
additional 239 Intermittent sites were used for spatial analyses only.
2.2. Stable isotope analysis of tap water
Prior to collection, the cold-water tap was opened and allowed
to run for 10e15 s to ﬂush plumbing. Water samples were collected
in acid-leached low-density polyethylene (LDPE) bottles. Samples
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Analytical precision of the secondary laboratory reference materials
was ±2‰ and ±0.3‰ for d2H and d18O values, respectively at SIRFER, and ±0.2‰ and ±0.04‰ for d2H and d18O values, respectively at
SPATIAL. Deuterium excess (d ¼ d2H e 8  d18O) values were
calculated from measured water d2H and d18O values as a measure
of the relative proportions of 18O vs. 2H contained in collected
samples; d can be used to describe the extent of fractionation in
stable hydrogen and oxygen isotopes of water due to evaporation.
2.3. Statistical and spatiotemporal analysis
Normality of distributions was tested with the Shapiro-Wilkes
test. The Welch t-test was used to compare means at a ¼ 0.05.
Statistical analysis was completed using JMP® 12 Pro (SAS; Cary,
NC) for Mac OS X. Moran's I was used to determine the spatial
autocorrelation of d2H and d18O values of tap water by assessing the
relationship between the density of similar isotope values and the
distance between collection sites. Spatial autocorrelation analysis
and mapping were carried out using ArcGIS 10.4 (ESRI; Redlands,
CA). Principal Component Analysis (PCA) of the d2H and d18O values
plus collection date was used to decompose data into orthogonal
variables. Groups of Static sites were identiﬁed from the PCA output
using k-means analysis with the Hartigan-Wong algorithm, splitting the dataset into k groups by maximizing between-group
variation relative to within-group variation. PCA and cluster analysis was performed in R (R Core Team, 2013).
3. Results and discussion
Fig. 1. (a.) Map of tap water collection locations within the San Francisco Bay area.
Regions shaded in brown, yellow, orange, and green represent service areas of the
Marin Municipal Water District, East Bay Municipal Utility District, Alameda County
Water District, and the Santa Clara Valley Water District, respectively. The regions
shaded in blue represent areas served by the San Francisco Public Utilities Commission
or regions that received 75% or more of their culinary water from SFPUC. Note that
other municipalities purchase SFPUC waters wholesale but not as their principal
source [i.e., <75%; these include the communities of Daly City (57%), Milpitas (56%),
Alameda County Water District (23%), San Bruno (38%), Santa Clara (9%), Santa Clara
Valley Water District (15%), and Sunnyvale (50%)]. (b.) Map highlighting the State of
California in the U.S.A. (c.) Map showing the San Francisco Bay area within California
and regional inset shown in (a.). (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

were sealed and stored in the dark at 4  C prior to analysis. Water
samples were analyzed within a few weeks of collection. The stable
hydrogen and oxygen isotope abundances of tap water samples
were analyzed at the University of Utah through the Stable Isotope
Ratio Facility for Environmental Research (SIRFER) and the SpatioTemporal Isotope Analytics Lab (SPATIAL). Water samples were
analyzed using cavity ring-down water isotope spectroscopy [Picarro model L1102-i (SIRFER) and model L2130-i (SPATIAL); Sunnyvale, CA]. Each sample was analyzed four times (four consecutive
replicate injections) alongside sets of three laboratory reference
materials (SIRFER: ZE ¼ 0‰ and 0.2‰, EV ¼ 73‰ and 10.2‰,
DI ¼ 123‰ and 16.5‰; SPATIAL: PZ ¼ þ17‰ and þ1.7‰,
PT ¼ 46‰ and 7.2‰, UT: 123‰ and 16.5‰; for d2H and d18O
values, respectively) that had previously been calibrated to the
VSMOW-SLAP international isotope scale. Two primary laboratory
reference materials were used for data normalization (SIRFER: ZE
and DI; SPATIAL: PZ and UT) and a secondary laboratory reference
material for quality control (SIRFER: EV; SPATIAL: PT). Isotope
values are reported in delta notation where: d ¼ [(Rsamp/Rstd)  1],
where R represents the 2H/1H or 18O/16O abundance ratio, and Rsamp
and Rstd are the ratios in the sample and standard, respectively. The
d2H and d18O values are expressed in parts per thousand (‰) and
relative to Vienna Standard Mean Ocean Water (VSMOW).

3.1. Variability in the stable hydrogen and oxygen isotope values of
tap waters across a megalopolis
Fig. 2 shows d2H and d18O values of the 723 tap water samples
collected within the SFB over 21 months. Table 1 provides the
summary statistics for water analyzed from the SFB for each
collection event. The d2H and d18O values of the SFB tap waters
spanned a relatively large range of values between 107 to 16‰
and 14.4 to 2.2‰, respectively (Fig. 2). The average (±1s) d2H
and d18O values were 69 ± 26‰ and 9.4 ± 3.4‰, respectively
(Fig. 2). We found that the distribution of d2H and d18O values was
not normal (Shapiro-Wilkes, W ¼ 0.915, p < 0.0001), but rather had
ﬁve minor modes at 96 and 13.0‰, 82 and 11.8‰, 68
and 10.0‰, 46 and 6.5‰, and 27 and 3.5‰ (Fig. 2). Paired
d2H and d18O data fell near, but below the Global Meteoric Water
Line [d2H ¼ (8.17 ± 0.06)  d18O þ (10.35 ± 0.65) ‰ (Rozanski et al.,
1993)] and could be described by an ordinary least square regression of d2H ¼ 7.6  d18O þ 2.3‰ (R2 ¼ 0.99, p < 0.0001). Deuterium
excess (d) values ranged from 7 to þ22‰, with an average value
of þ6‰ (data not shown).
The d2H and d18O values of the SFB tap water were similar to
values previously reported from communities around the San
Francisco Bay. Coplen et al. (2013) measured six taps in the Bay Area
twice, across contrasting seasons (August 2007 vs. February 2008),
and found average d2H and d18O values of 77 ± 18‰
and 10.5 ± 2.4‰, respectively. The average d2H and d18O values in
our study were consistent with these previous ﬁndings; however,
we found much larger variation in the d2H and d18O values of tap
waters from the SFB than described by Coplen et al. (2013). The
increased variation observed in the current study was most likely
due to increased spatial density in our collection sites, considering
we sampled 282 separate sites compared to the six sites in the
Coplen et al. (2013) dataset. Additional possibilities for the larger
variation observed in this study as compared to Coplen et al. (2013)
could be due to: 1.) climatic differences between the collection
dates (2013e2015 vs. 2007e2008); 2.) differences or changes in the
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Fig. 2. Cross plot of d2H and d18O values of tap waters collected in the San Francisco Bay area between 2013 and 2015 (n ¼ 723). Corresponding histograms of d2H and d18O values are
shown along same axis.

source water used for tap waters between the collection dates; 3.)
longer temporal sampling in our collections, which may have
captured seasonal variation that were not captured previously.
The stable hydrogen and oxygen isotope ratios of waters
collected in the SFB displayed more variation (Table 1) than previously described in waters collected from any other metropolitan
area (Bowen et al., 2007, Table 1). Here, the d2H and d18O of the SFB
waters spanned 91‰ and 12.2‰, with standard deviations of 26‰
and 3.4‰, respectively. In comparison, a recent survey by Ueda and
Bell (2016) found tap waters from Vancouver, British Columbia,
Canada had ranges of 29‰ and 5.3‰, with standard deviations of
5.3‰ and 0.9‰, for d2H and d18O values, respectively. Jameel et al.
(2016) found tap waters from the Salt Lake Valley metropolitan area
of Utah, U.S.A. spanned 37‰ and 6.4‰ and had standard deviations
of 5‰ and 1.0‰ for d2H and d18O values, respectively. In both
Vancouver and the Salt Lake Valley, these authors noted that variation was controlled by water management practices and the
source(s) of the tap water (Jameel et al., 2016; Ueda and Bell, 2016).
Thus, given the variety of water sources and management practices
of wholesale water suppliers used by communities throughout the
SFB (Table 2), it should be expected that the variation in the d2H and
d18O values of tap water would be large.
The SFB tap waters revealed a relatively large isotopic range for a
relatively small spatial area. Here, the range of d18O values of the
SFB waters spanned 12.2‰ with an average value of 9.4‰ and d2H
of the SFB waters spanned 91‰ with an average value of 69‰
(Fig. 2). In comparison, Bowen et al. (2007) and Landwehr et al.

(2014) collected and analyzed 510 and 691 tap waters from
throughout the United States, respectively. Bowen et al. (2007)
found that d2H and d18O values of tap water spanned 163‰ and
23.6‰ (152 to þ11‰ and 19.4 to þ4.2‰), with average
values 66‰ and 8.9‰, respectively. Similarly, Landwehr et al.
(2014) found that the d2H and d18O values of tap water spanned
166‰ and 22.0‰ (164 to þ2‰ and 20.8 to þ1.2‰), with average
values 61 ± 37‰ and 8.7 ± 4.6‰, respectively. When compared
to these continental-scale datasets, tap waters from the SFB had
similar average d2H and d18O values to the average values from the
United States; however, the SFB and United States datasets were
statistically distinct from the each other (Student t-Test,
p ¼ 0.0018). Nonetheless, the isotopic range observed in the SFB
waters comprises more than 50% of that observed for water
collected across the entire United States. Considering that the SFB is
~18,000 km2 compared to the ~9,162,000 km2 of the entire United
States, the SFB results clearly demonstrate that a large fraction of
the spatial variation seen in national-scale tap water data sets can
be observed within speciﬁc, small regions of the country.
3.2. Spatial patterns of SFB tap waters: water sources, management
practices and utility interconnections
The variation in the d2H and d18O values of the SFB tap waters
was not random, but rather spatially coherent (Fig. 3). We observed
the most negative d18O values in San Francisco and in the Peninsula,
while the most positive d18O values are observed in Marin County
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Table 1
Summary statistics for the oxygen and hydrogen isotope ratios from tap water samples collected in the San Francisco-Oakland-Fremont and San Jose-Sunnyvale-Santa Clara
Metropolitan Areas.
Date

Statistic

d2H (‰, VSMOW)

d18O (‰, VSMOW)

Winter 2013/2014

Mean
SD
Range
Min
Max
Count
Mean
SD
Range
Min
Max
Count
Mean
SD
Range
Min
Max
Count
Mean
SD
Range
Min
Max
Count
Mean
SD
Range
Min
Max
Count
Mean
SD
Range
Min
Max
Count
Mean
SD
Range
Min
Max
Count

73
26
83
102
19
59
70
27
90
99
16
204
64
27
84
101
17
85
70
28
83
101
17
101
72
28
81
107
25
97
68
22
69
100
31
90
67
24
78
100
23
88

10.1
3.3
11.0
13.7
2.8
59
9.5
3.6
11.9
13.3
2.2
204
8.6
3.5
11.3
13.5
2.2
85
9.4
3.7
11.4
13.6
2.2
101
9.8
3.7
11.4
14.4
3.0
97
9.1
2.8
8.7
13.2
4.5
90
8.9
3.1
9.9
13.2
3.3
88

Spring 2014

Summer 2014

Fall 2014

Winter 2014/2015

Spring 2015

Summer 2015

Table 2
SFB water districts and water sources. Source information obtained from 2013/2014 water quality Consumer Conﬁdence Reports. "X" in column represents a water that is 75%
or more of the supplier's source.

Major Wholesale Suppliers

Regions Supplied

San Francisco Public Utility Commission (SFPUC)

San Francisco and San Mateo Counties, South Bay
communities, southern East Bay communities

East Bay Municipal Utility District (EBMUD)

Contra Costa and northern Alameda Counties

Marin Municipal Water District (MMWD)

Marin County

Alameda County Water District (ACWD)

southern Alameda County

Santa Clara Valley Water District (SCVWD)

Santa Clara County, South Bay communities

Water Sources
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Fig. 3. Spatial distribution of the stable oxygen isotope values of tap waters from the San Francisco Bay area. Panels show distribution of the stable oxygen isotope values of tap
water for seven collection trips between 2013 and 2015. Regions shaded in brown, yellow, orange, and green represent service areas of the Marin Municipal Water District, East Bay
Municipal Utility District, Alameda County Water District, and the Santa Clara Valley Water District, respectively. The regions shaded in blue represent areas served by the San
Francisco Public Utilities Commission or regions that received 75% or more of their culinary water from SFPUC. Stable hydrogen isotope values of water are provided in Figure S1.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

(Fig. 3). Indeed, the d2H and d18O values of the SFB tap waters from
winter 2013/2014 through summer 2015 exhibited signiﬁcant
spatial autocorrelation for all seven collection trips (d2H: Moran's
I ¼ 0.88, 0.68, 0.67, 0.56, 0.38, 0.66, and 0.67; Z ¼ 13.1, 34.4, 15.7,
14.6, 10.0, 33.9, and 16.0; p < 0.0001; d18O: Moran's I ¼ 0.87, 0.69,
0.66, 0.54, 0.29, 0.67, and 0.64; Z ¼ 12.9, 34.69, 15.9, 14.29, 7.6, 34.2,
and 15.2; p < 0.0001).
Spatial coherence of the d2H and d18O values of the SFB tap
waters was largely related to differences in the source of water
delivered to municipalities (see Fig. 1 and Table 2). This relationship
has been previously observed in both large and small communities
(Bowen et al., 2007; Ehleringer et al., 2016; Jameel et al., 2016). The
City and County of San Francisco, as well as the communities of the
Peninsula and East Bay, are largely supplied culinary water from the
San Francisco Public Utilities Commission (SFPUC), which supplies
water to 2.6 million customers (San Francisco Public Utilities
Commission, 2015). SFPUC owns and operates the Hetch Hetchy
Reservoir and Aqueduct, which supplies a long-term average of 85%
of the culinary water delivered to these areas by SFPUC (San
Francisco Public Utilities Commission, 2015). Hetch Hetchy Reservoir stores water from the upper Tuolumne River watershed of the
Sierra Nevada Mountains. In addition, the SFPUC operates a series
of surface reservoirs in the lower elevation Diablo Range and Santa
Cruz Mountains, which supply the remaining 15% of the water
delivered by SFPUC. Thus, much of the water is obtained from high
elevation Sierra Nevada snowmelt and transported to the SFB region. Given this, we would predict the SFPUC waters derived from
Hetch Hetchy to be depleted in the heavy isotopes of H and O
relative to waters from the lower elevation reservoirs. Indeed, we
found the lowest d2H (data not shown) and d18O (Fig. 3) values of

water in SFPUCeserved areas along the Peninsula. The d2H and d18O
values of water from these regions were the lowest in each of the
sampled intervals. These data are consistent with a distant, highelevation Sierra Nevada precipitation source of water (Coplen and
Kendall, 2000).
The East Bay Municipal Utility District (EBMUD) supplies water
to the communities in the East Bay of the SFB, particularly Contra
Costa and northern Alameda Counties. The EBMUD supplies water
to 1.3 million people in the SFB (East Bay Municipal Utility District,
2015). About 90% of the water delivered by EBMUD is derived from
the Mokelumne River watershed on the western slope of the Sierra
Nevada Mountains. The remaining 10% is from surface waters
captured in terminal surface reservoirs in the Diablo Range east of
San Francisco. In addition, EBMUD has an agreement with the
United States Bureau of Reclamation for delivery of up to
1.64  1011 L of water from the State Water Project, speciﬁcally
Central Valley Project (CVP) water from the Sacramento River, if
EBMUD's total stored water supply is forecasted to be below
6.17  1011 L by the end of that water year (September 30). During
the 2012e2015 California Drought, EBMUD accessed CVP waters for
the ﬁrst time in the summer of 2014 and again in the summer of
2015. Thus, during normal water years, the majority of East Bay's
water is sourced from high elevation Sierra Nevada snowpack and
transported into the region. Here, we would predict that the isotopic composition of EBMUD waters would be relatively similar to
the isotopic composition of water from regions supplied by SFPUC.
In the SFB collections, we found that the d2H and d18O values of
waters from regions serviced by EBMUD indeed were relatively
similar todbut generally slightly higher thandwaters in the
SFPUC-supplied regions of San Francisco and the Peninsula (see
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Fig. 1 and Table 2). The East Bay data are largely consistent with a
distant, high-elevation precipitation source of water (Coplen and
Kendall, 2000), but show more variability in the service area corresponding to the increased diversity of water sources.
The Marin Municipal Water District (MMWD) supplies about
200,000 people within southern Marin County, directly north of
San Francisco across the Golden Gate Bridge. Approximately 75% of
MMWD's water is sourced from surface waters from the Mt. Tamalpais watershed and stored in a series of local reservoirs (Marin
Municipal Water District, 2015a). The remaining 25% of MMWD's
water is transported via the Russian River Pipeline from Sonoma
County to the north. Accordingly, the Marin region is characterized
as predominately local surface waters. Given that MMWD supplies
waters derived from low elevation rainfall, we would predict the
d2H and d18O values of these waters to be enriched in the heavy
isotopes relative to waters from the SFPUC. Indeed, we observed
that the d2H (data not shown) and d18O (Fig. 3) values of waters
from regions serviced by MMWD had higher values than regions
supplied by SFPUC. The d2H and d18O values of water from these
regions were the most positive in each of the sampled intervals.
The South Bay communities of the SFB are supplied water from
the Alameda County Water District (ACWD) and Santa Clara Valley
Water District (SCVWD). These three water suppliers are similar in
that they all use mixtures of water from local sources, as well as
waters transported from the State Water Project and Hetch Hetchy
Aqueduct. The ACWD supplies about 82,000 customers, distributing waters collected locally from surface waters of the Alameda
Creek watershed (40%), as well as a very small amount of desalinized groundwater. The ACWD also purchases additional waters
from the State Water Project (40%) and SFPUC (20%) (Alameda
County Water District, 2015). The SCVWD supplies water to the
communities of Santa Clara Valley (also known as Silicon Valley).
Waters are sourced from local surface and groundwater (45%) and
also purchased from the State Water Project (40%) and SFPUC (15%)
(San Jose Water Company, 2015; Santa Clara Valley Water District,
2015). We would predict the isotopic compositions of waters supplied by the ACWD and SCVWD to communities of the South
Baydwhich comprised an approximate 60:40 mixture of transported water and local waterdto be relatively homogenous; we
would also predict that South Bay waters would be isotopically
similar to those collected from SFPUC-supplied regions and
MMWD-supplied regions. Shown in Fig. 3 for d18O values, we found
that South Bay had a wide range of intermediate isotope ratios of
tap water, relative to the regions served by SFPUC and EBMUD; this
was consistent with reported water sources (Alameda County
Water District, 2015; San Jose Water Company, 2015; Santa Clara
Valley Water District, 2015).
3.3. Temporal variability of SFB tap waters: an imprint of the
drought
We selected 43 Static sites to monitor the temporal variation in
stable hydrogen and oxygen isotope ratios of tap water within
particular regions of the SFB (Fig. 4a). During each collection
campaign from spring 2014 until summer 2015, tap waters were
sampled from these Static sites six separate times. The d2H, d18O,
and d values are provided in Tables 3, S2, and S3. Over the sampling
period, we suspected that common temporal patterns across some
areas of the study region might indicate common water management responses to accumulating drought stresses. To assess
apparent temporal patterning, we applied k-means clustering to
identify regions with both similar isotope values and similar temporal variations in isotope ratios. K-means analysis identiﬁed six
Static site clusters with common isotopic characteristics
throughout the six sampling periods, with 4, 6, 10, 9, 8, and 6 sites

per group (Fig. 4b).
For most groups, Static site clusters exhibited strong spatial
clustering within the SFB, indicating that proximal sites tend to be
characterized by tap water with similar stable hydrogen and oxygen isotope ratios and patterns of temporal variation (Fig. 4b). Static
sites belonging to Group 1 were found exclusively in the City and
County of San Francisco. Group 2 sites were distributed throughout
the SFB, with little spatial coherence. Sites identiﬁed as Group 3
were clustered within the core of East Bay (i.e., the communities of
Oakland, Berkeley, and Alameda), with additional sites in South
Bay. Sites within Marin County were exclusively identiﬁed as Group
4. Sites classiﬁed as Group 5 were predominately found in the
Peninsula with an additional single site in East Bay (i.e., the community of Hayward). Finally, Group 6 was loosely distributed in
South Bay and East Bay (Fig. 4b).
Table 4 shows the average d2H, d18O, and d values of each Group
for the six collections. Tap waters from sites in Groups 1, 3, 4, and 5
had average standard deviations for individual sampling periods of
less than 7 and 1.0‰ for d2H and d18O values, respectively. These
relatively small standard deviations, coupled with the physical
proximity of sites within each Group, most likely indicate that individual sites within these Groups are physically linked via a piping
network and receiving waters of common origin. Indeed, Static sites
clustered into Groups 1 and 5, Group 3, and Group 4 are serviced by
SFPUC, EBMUD, and MMWD, respectively (Table 3, Fig. 4b). In
contrast, we found tap waters from sites clustered into Groups 2
and 6 had average standard deviations of greater than 7 and 1.0‰
for d2H and d18O values, respectively. Sites within Groups 2 and 6
were not exclusively serviced by a single water provider (Table 3,
Fig. 4b). Further, providers supplying water to sites within Groups 2
and 6 used the largest number and diversity of water sources in the
SFB (Table 3). The lack of association with single water providers
and the high isotopic variability pointed towards less speciﬁc
linkages between the individual Static sites in Groups 2 and 6.
These sites were possibly grouped together primarily because they
did not cluster into Groups 1, 3, 4, or 5. Nonetheless, Group 2 and 6
were clustered into different groups and not into a single group, as
they displayed distinct d2H, d18O, and d values as well as temporal
isotope data trends (Table 4).
Regional climate and storage strategies, as well as water source
switching, control the temporal patterns in the stable hydrogen and
oxygen isotope ratios of the SFB tap waters. Fig. 5 shows the average
d18O values of Groups 1, 3, 4, and 5 for the six sampling intervals.
(Figure S3 and S4 provide d2H and d values for these same sites,
respectively.) We do not include the average d18O values of Groups
2 and 6 due to relatively high variability over time and limited
spatial coherence in the data. All of the Static sites in Groups 1 and 5
were supplied by SFPUC. We found that Groups 1 and 5 had nearly
indistinguishable average d18O values during the spring, summer,
fall, and winter of 2014 (p ¼ 0.0352, 0.2721, 0.8486, 0.9243,
respectively). The d18O values of tap waters from these two groups
were relatively ﬁxed across these periods and had an average d18O
value of 13.3 ± 0.4‰. The d18O values of waters from Groups 1 and
5 diverged during the spring and summer of 2015 and were statistically different (p < 0.0001 and p ¼ 0.0004, respectively), with
the values of waters in Group 1 becoming relatively more positive
and waters in Group 5 remaining at 13.0 ± 0.1‰ (Fig. 5). In
addition to changes in d18O (and d2H, Figure S3) values during the
spring and summer of 2015, we noted signiﬁcant divergence in
d values between the SFPUC-served Groups (Figure S4). Speciﬁcally,
we found that the d values of waters from Groups 1 and 5 were
relatively constant prior to spring 2015, with an average value of
7.6 ± 0.8‰ (Table 3). The d values of waters in Groups 1 and 5
diverged during the spring and summer of 2015, with the d values
of Group 1 becoming lower (average value of 2.0 ± 2.1‰) and
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Fig. 4. (a.) Geographic distribution of Static tap water collection sites, sampled six times between 2013 and 2015. Regions shaded in brown, yellow, orange, and green represent
service areas of the Marin Municipal Water District, East Bay Municipal Utility District, Alameda County Water District, and the Santa Clara Valley Water District, respectively. The
regions shaded in blue represent areas served by the San Francisco Public Utilities Commission or regions that received 75% or more of their culinary water from SFPUC. (b.) Groups
identiﬁed by k-mean clustering analysis of measured d18O values of tap water. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

waters in Group 5 remaining relatively high (average value
5.9 ± 0.6‰). Together, these isotope data suggest that during spring
and summer of 2015, tap waters in Groups 1 and 5 were different
due to a switch water source for one or both Groups (Fig. 4a and b).
The isotope data indicated that water delivered to Group 1 changed
from water similar to that delivered in the Peninsula (Group 5) to
water that experienced signiﬁcantly more evaporation, as indicated
by the lower d values, and that had more positive d2H and d18O
values.
As mentioned above, SFPUC utilizes two main water sources: on
average about 85% from Hetch Hetchy and 15% from local surface
waters captured in reservoirs. However, this mixture is variable
depending on availability and is spatially heterogeneous across
SFPUC's service areas. During typical operations, SFPUC utilizes
both treated local surface waters and transported water to supply
the service areas. At the beginning of the water year (OcteNov),
SFPUC lowers local reservoirs (Crystal Springs and San Andreas
reservoirs, located on the Peninsula, and Calaveras and San Antonio
reservoirs in East Bay). The reduction in reservoir storage is to
accommodate local precipitation that predominately occurs during
the winter. During fall, the City and County of San Francisco is
supplied predominately with water from Hetch Hetchy and minor

contributions from local reservoirs. In the winter months (Dec-JanFeb), the City and County of San Francisco is then supplied with a
higher proportion of treated local reservoir waters as the winter
rains occur. Throughout the spring (Mar-Apr-May), local reservoirs
(Crystal Springs, San Andreas, and San Antonio) are reﬁlled with
Hetch Hetchy waters and the City and County of San Francisco is
then supplied with a mixture of local reservoir waters and waters
transported from Hetch Hetchy. Finally, the City and County of San
Francisco is supplied with predominately Hetch Hetchy waters
during the summer months (Jun-Jul-Aug-Sept). During the summer, SFPUC works to conserve local reservoir waters to ensure resources in case of natural disaster.
During periods of water shortage, such as the 2012e2015 California Drought, SFPUC changes its water management strategy
from the above normal operation to maintain supply for customers.
Atypical operations were implemented because winter rains did
not arrive in the coastal region. Under these operations, local reservoirs were reﬁlled with Hetch Hetchy waters earlier than under
typical operations. Furthermore, SFPUC was without a major water
treatment plant (Harry Tracy Water Treatment Plant) during periods of 2014 as it was off-line for construction. Thus, the City and
County of San Francisco was supplied predominately waters
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Table 3
Oxygen isotope values of Static sites across San Francisco Bay Area sampled six separate times between 2014 and 2015. Coloration represent the absolute isotopic difference
from initial sampling in Spring of 2014. Water sources are shown. These data were collected from utility providers' consumer conﬁdence reports from 2013/2014.

transported from Hetch Hetchy during the winter and spring
months. Operations during the summer months are similar for both
typical and drought water years, where the City and County of San
Francisco is then supplied with predominately Hetch Hetchy waters and local reservoir waters are conserved. Regardless of operational mode, the communities supplied by SFPUC that are located
along the Peninsula, South Bay, or East Bay (such as Hayward)
(Fig. 4) always receive a higher proportion of Hetch Hetchy waters
due to the proximity to the pipeline and pumping infrastructure.
In context to these difference in SFPUC operations, meteorological measurements showed that the winters of 2013/14 and
2014/15 received well below average amounts of snow in the
central Sierra Nevada Mountains and almost no winter rains were
received by the local catchments utilized by SFPUC during 2013/14
(Western Regional Climate Center, 2014b). The lack of winter rains

in 2013/2014 led to change in how SFPUC typically operates its
water supply system. However, in the SFB, December 2014 was
characterized by well above average winter rains (i.e., 257% above
normal) delivered to local catchments (Western Regional Climate
Center, 2014a). This allowed SFPUC to operate normally during
the remainder of that water year. The following January was the
driest on record for the SFB area, recording no precipitation for the
ﬁrst time in 167 years (Western Regional Climate Center, 2015) and
the below normal precipitation levels prevailed for the remainder
of the spring and summer.
Our isotopic data for Groups 1 and 5 are consistent with the
water management framework outlined by SFPUC in 2014 and
2015. Speciﬁcally, our data supports that 2014 water samples were
collected when SFPUC was operating under non-normal drought
conditions. In this case, the large majority of the service area was

B.J. Tipple et al. / Water Research 119 (2017) 212e224

221

Table 4
Oxygen isotope, hydrogen isotope, and deuterium excess values for tap waters in the San Francisco Bay Area grouped by k-means clustering analysis for each seasonal
collection.
Group

d2H (‰, VSMOW)
1
2
3
4
5
6
d18O (‰, VSMOW)
1
2
3
4
5
6
d (‰, VSMOW)
1
2
3
4
5
6

Spring '14

Summer '14

Fall '14

Winter '14

Spring '15

Summer '15

97
77
82
28
97
53

95
65
66
21
98
51

99
77
85
22
98
50

105
79
85
31
102
53

71
59
85
33
98
55

88
62
72
26
98
53

13.0
10.4
11.2
4.1
13.1
7.2

13.0
8.6
8.8
3.1
13.2
7.1

13.2
10.2
11.5
3.0
13.2
6.7

13.9
10.5
11.4
4.2
13.9
7.2

9.0
7.7
11.3
4.9
12.9
7.4

11.5
8.0
9.6
3.8
13.0
7.1

7.2
6.5
7.9
4.7
7.9
5.1

8.6
4.1
4.2
3.6
7.6
5.6

7.0
4.4
6.1
1.6
7.2
3.8

6.3
5.7
6.2
2.8
8.6
4.5

0.5
2.4
5.9
5.9
5.5
4.6

3.5
2.3
4.3
4.0
6.4
3.7

Fig. 5. Temporal variation of the average oxygen isotope values of tap waters in Groups
1, 3, 4, and 5; groups were identiﬁed by k-means clustering analysis. Group colors
correspond to colors in Fig. 4b, where Group 1, 3, 4, and 5 are blue, yellow, brown, and
red, respectively. Error bars represent the standard deviation of oxygen isotope values
in each of the six collection periods. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

being supplied with Hetch Hetchy waters throughout 2014. In
addition, our data supports that SFPUC was operating under normal
conditions during the 2015 collection trips. These interpretations
are supported by personal communications with SFPUC.
Many of the Static sites in Group 3 were supplied water by
EBMUD. The average d18O values of Group 3 waters during the
spring, fall, and winter of 2014, as well as the spring of 2015, were
constant and indistinguishable (one-way ANOVA), with an average
value of 11.4 ± 0.1‰. The d18O values of tap water during the
summers of 2014 and 2015 were more positive than those during
the other collection periods at these sites, but similar to each other
with an average of 9.2 ± 0.6‰ (Fig. 5). Previously, Bowen et al.
(2007) measured tap waters monthly from a single tap in Berkeley, CA for a year and reported d18O values of 11.4 ± 1.3‰. Berkeley
is supplied by EBMUD and these previously reported values were
similar to Group 3 waters during the spring, fall, and winter of 2014
(Table 3).

In addition to variations in d18O (and d2H, Figure S3) values of
Group 3 waters during the summers of 2014 and 2015, the d values
varied also during these intervals (Figure S4). Speciﬁcally, we found
that the d values of waters from Group 3 during the spring, fall, and
winter of 2014 and spring of 2015 were similar and had an average
value of 6.5 ± 1.0‰ (Table 3). The d values of Group 3 waters during
the summers of 2014 and 2015 were lower and suggested more
evaporation, with an average value of 4.2 ± 0.0‰. These data
indicate that during the summers of 2014 and 2015, the water
delivered to the Static sites within Group 3 had more positive d2H
and d18O values and were more evaporated than other times during
the year (Fig. 4a and b).
As described above, snowfall in the Sierra Nevada Mountains in
both the winters of 2013/14 and 2014/15 were well below average
(Swain, 2015). As a response, EBMUD accessed 2.30  1010 and
4.10  1010 L of their CVP allotment under the State Water Project
from the Sacramento River in the summers of 2014 and 2015 (East
Bay Municipal Utility District, 2015). EBMUD had this allocation
since 2000, but the summers of 2014 and 2015 was the ﬁrst time
they used a portion of their CVP allotment. Our isotopic data show
that during the summers of 2014 and 2015, Static sites clustered in
Group 3dcommunities supplied by EBMUDdhad more positive
d2H and d18O values and lower d values, suggesting increased water
evaporation. These data suggest that our sampling possibly
captured the inﬂuence of the addition of the CVP waters into the
EBMUD distribution system. This interpretation is supported by
EBMUD engineers, who conﬁrmed the timing of the CVP delivery to
the terminal reservoirs and treatment plant supplying these regions of EBMUD's service area (B. Bray, personal communication).
All of Group 4 sites were supplied by MMWD. We found that
d18O values of tap waters from Group 4 sites were the most positive
of all Groups in the SFB (Table 3, Fig. 5). We also found d18O values of
water from Group 4 to display a cyclic trend, where the most
positive d18O values were observed in the summers and falls and
the most negative values occurred in the winters and springs
(Fig. 5). In addition, we noted that the lowest d values occurred in
the summers and falls and the highest d valued occurred in the
winters and springs (Figure S4). Together, these seasonal trends
suggest the waters delivered to sites in Group 4 were subjected to
seasonal evaporation, with the strongest evaporative signal
observed in the summer and fall collections. Given MMWD's
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relatively small storage capacity, this evaporation likely occurred
during the dry months in the summer and fall and affected waters
that were then delivered to customers relatively quickly. This
interpretation of the isotopic data is consistent with the reported
structure of MMWD's water storage system, which consists of
numerous low elevation reservoirs near the communities served
(Marin Municipal Water District, 2015a).
3.4. Assessment of the implications of California drought on
municipal water supplies: an isotopic perspective
The variations in the stable hydrogen and oxygen isotope ratios
of tap water from the 5th largest population center in the United
States are clearly linked to seasonal and interannual climate variation as well as the water management practices. The years of
2012e2015 were characterized by the worst drought in California
of the last 1200 years (Grifﬁn and Anchukaitis, 2014), in part
ampliﬁed by anthropogenic climate change (Diffenbaugh et al.,
2015). Speciﬁcally, the sampling years of this study (2013e2015)
included above average temperatures and below average precipitation amounts across the regions that supply municipal waters to
communities of the SFB. While the municipalities within the SFB
have some capacity to mitigate climate variations on the shorttermdby tapping into underutilized water resources (i.e., EBMUD)
or changing management strategy (i.e., SFPUC)dclimate factors
could signiﬁcantly affect the d2H and d18O values of tap waters
available to the SFB over the longer term. Tap waters are the end
point of the water distribution system and the d2H and d18O values
of tap water represent the cumulative effects of the various processes acting upon it. With explicit knowledge regarding management decisions in a speciﬁc region, we estimate the evaporative
loss from reservoirs systems using measured d2H and d18O values of
tap water and a modiﬁed non-steady state Craig-Gordon (C-G)
model (Craig and Gordon, 1965; Skrzypek et al., 2015). Here, as an
example we focused on tap waters from the SFPUC system during
the spring of 2015, as it was well characterized during this period
and the State of California was under state of emergency due to
water shortages. In this example, it is assumed that there is no
additional inﬂow to this speciﬁc portion of the SFPUC system and
there is no additional evaporation once the water enters the distribution system. These assumptions are supported by SFPUC
monitoring. Thus, tap water represent a both pre- and postevaporation sample of reservoir water.
The C-G model requires initial and post-evaporation d2H and
18
d O values of the water pool as well as estimations the d2H and
d18O values of ambient atmospheric moisture, relative humidity,
and temperature. The water distributed by SFPUC to the Static sites
within the City and County of San Francisco (i.e., Group 1) in the
spring of 2015 was supplied through a closed distribution network
from a reservoir system (i.e., Crystal Springs and San Andreas
Reservoirs) with a mixture of local precipitation and runoff, as well
as Hetch Hetchy water. To determine the initial d2H and d18O values
of this tap water, we must determine the mixture of these two
components. A two-endmember isotopic mixing model is used to
describe the relative contributions of local precipitation and Hetch
Hetchy water to this initial tap water. First, according to SFPUC
records, all waters collected from Group 1 sites during spring 2014,
summer 2014, fall 2014, and winter 2014/2015 were exclusively
Hetch Hetchy waters (Table 4). Thus, we assume the average d2H
and d18O values of these waters represent a Hetch Hetchy endmember. We estimated the d2H and d18O values of Hetch Hetchy
waters to be 99‰ and 13.3‰, respectively (Fig. 6). To estimate
the d2H and d18O values of local precipitation, we utilized waters
from the MMWD (i.e., Group 4). This decision is justiﬁed as the
waters supplied by MMWD are derived from local precipitation and

Fig. 6. Cross plot of d2H and d18O values of measured and modeled waters for mixing
model and evaporative loss calculations. Local meteoric water line is shown in solid
black (Kendall and Coplen, 2001), as well as, the local evaporation lines for Group 1
(solid dark blue; d2H ¼ 5.5  d18O e 25.5‰) and Group 4 (solid brown;
d2H ¼ 6.4  d18O e 2.3‰). Isotopic endmembers for Hetch Hetchy waters and local
precipitation are shown with dark blue and brown circles, respectively with a mixing
line (dotted red line) between them. Measured d2H and d18O values of tap water
collected from Group 1 sites in the spring and summer of 2015 are shown with medium blue and purple squares. These values are connected with the calculated unevaporated initial waters for these collections (light blue and light purple triangles,
respectively) with modeled evaporation lines using a slope of 5.5 (hashed light blue
and purple lines, respectively). (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

the watersheds utilized by MMWD are within 40 km of SFPUC's
reservoirs. We constructed a local evaporation line using the d2H
and d18O values of Group 4 waters for each collection period
(d2H ¼ 6.4  d18O e 2.3‰). We then projected Group 4's evaporation line to intersect the Local Meteoric Water Line developed from
isotope values of stream and river water (Kendall and Coplen, 2001)
to determine the un-evaporated d2H and d18O values of local precipitation. We estimated the d2H and d18O values of the local precipitation endmember to be 38‰ and 5.5‰, respectively (Fig. 6).
Once isotopic endmembers for Hetch Hetchy waters and local
precipitation were determined, a mixing line can be deﬁned (Fig. 6).
The un-evaporated mixtures of these waters were calculated using
the average measured d2H and d18O values of the Group 1 tap waters collected in spring and summer 2015 and projecting a line to
intercept the mixing line between Hetch Hetchy waters and local
precipitation. We used the local evaporation line of Group 1 waters
collected prior to spring 2015 (d2H ¼ 5.5  d18O e 25.5‰) to deﬁne
the slope of this line. This provided an estimate of the initial d2H
and d18O values of the un-evaporated mixture within the SFPUC
reservoir at each collection time point. Using this approach, we
found that the initial d2H and d18O values of spring 2015 tap waters
were 85‰ and 11.6‰ (Fig. 6). Thus, these data indicated that the
mixture ratio between Hetch Hetchy and local precipitation was
78:22 for spring 2015 tap waters. Finally, we used the average d2H
and d18O values of the Group 1 waters collected in spring 2015 (71
and 9.0‰, respectively) to deﬁne the post-evaporated values
(Table 4).
To estimate evaporative loss using a modiﬁed C-G model the d2H
and d18O values of ambient atmospheric moisture, temperature,
and relative humidity are also required. The d2H and d18O values of
ambient atmospheric moisture were estimated using the method
described in Gat (1995) and Gibson and Reid (2014). We used
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average temperature and relative humidity of the 14 days prior to
the date of water collection to represent the conditions in the
weeks leading up to tap water sampling; atmospheric conditions
were from data from the Western Regional Climate Center's spring
Valley
California
station
(http://www.raws.dri.edu/cgi-bin/

rawMAIN.pl?caCPUL; T ¼ 14.1 and 18.4 C, RH ¼ 63 and 64% in
spring 2015 and summer 2015, respectively).
Our calculations suggest evaporative losses from the SFPUC
water supply were 6.6 ± 2.5% in spring of 2015. Here, we conservatively estimate the maximum uncertainty associated with
evaporative loss by assuming a variation of 10 and 1‰ in the d2H
and d18O values of ambient atmospheric moisture and maximum
measurement uncertainty associated with the measurement of d2H
and d18O values of tap water. Using the average storage capacity of
the Crystal Springs (~65 billion L) and San Andreas Reservoirs (~22
billion L) during this time period (winter 2014 to summer 2015) and
the estimated 6.6% loss, this translates into ~5.8 billion L of estimated evaporative loss. To provide a contextual estimate for this
loss, the average cost of municipal water to single-family residences
in the SFB was US$4.42 per 748 gallons (~2800 L) of water during
the spring of 2015 (Bay Area Water Supply Conservation Agency,
2016; East Bay Municipal Utility District, 2014; Marin Municipal
Water District, 2015b; San Francisco Public Utilities Commission,
2014). Therefore, if the water lost to evaporation during this
period were sold at the average water rate in the SFB, this amount
of water would equate to approximately US$9 million. We
acknowledge that the rates charged by utilities incorporate evaporative loss and our estimate of lost revenue represents a worstcase scenario; however, this ﬁrst-order estimate could be reﬁned
with the collection of additional ﬁeld data and true pricing data.
Nonetheless, this simple example indicates the potential to
reconstruct the dynamics of large-scale water supply systems and
quantify evaporative losses as a component of the water budget of a
major metropolitan region. While the direct cost associated with
the 2012e2105 California Drought has been estimated at near
US$2.7 billion (Howitt et al., 2015), the evaporative loss of culinary
water is a signiﬁcant indirect cost of drought conditions. In addition, the extreme variability in precipitation amounts in winter
2014 (extremely wet December, followed by an extremely dry
January, February, and March) possibly set the stage for increased
evaporative loss in 2015 and thus ampliﬁed the drought's impact on
stored waters. While we cannot provide a similar analysis for 2014,
it is likely that the non-normal operating conditions during 2014 by
SFPUC limited evaporative loss, as waters were not being stored in
the Peninsula reservoirs.
4. Conclusions
Stable hydrogen and oxygen isotopes of water are extensively
used to monitor and understand the hydrologic cycle in natural
environments (Gat, 1996), and are increasingly being applied in
urban settings (Ehleringer et al., 2016). Recently, applications of d2H
and d18O values to highly managed, urban water systems have been
described (Jameel et al., 2016; Ueda and Bell, 2016); however, the
use of stable hydrogen and oxygen isotopes to understand water
usage and network dynamics in these systems has been underutilized. Here, we show the expression of water management in a
major metropolitan area is incorporated in the d2H and d18O values
of tap waters. Our results indicate d2H and d18O values of tap water
are linked to the water's source, individual utility provider's management practice, and thus, reﬂect the geography within the San
Francisco Bay Area.
We found d2H and d18O values of tap water recorded the mitigation responses of utility providers against the drought. Our data
showed temporal patterns that reﬂected speciﬁc management
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responses to water shortages in supply networks. Speciﬁcally, the
isotopic compositions of tap water in East Bay area captured the
delivery of Central Valley Project waters to these communities.
Here, our data could clearly be linked to management decisions,
and in the future, this type of isotope data could help utilities
validate models in the operation of water networks. Examples
include the capacity of isotope data to monitor mixtures of waters
in a network to comply with Safe Drinking Water Act or to assess
evaporative loss within a complex system. We demonstrated this
latter capacity using simple assumptions to determine the isotope
ratios of source water endmembers and coarse knowledge of the
water network providing water to the City and County of San
Francisco. In this example, we showed that a signiﬁcant fraction
(~7%) of the water processed by the main utility supplying San
Francisco was lost to evaporation during the 2015 water year.
Further, we attempted to estimate the “cost” of this evaporative loss
and found it to be as much as US$9 million.
Finally, our sampling strategy allowed us to observe the
response of numerous utility operators. Serendipitously, this
approach provided an opportunity to assess the effect of climate
perturbations and water shortages on particular management
practices and water resources. Our ﬁndings demonstrated the
different tactics utilities applied to mitigate the impact of the
2012e2105 California Drought varied by water supplier across the
San Francisco Bay Area. Interestingly, we noted that while the
communities in various regions of the San Francisco Bay Area
responded to the drought, from our data it does not appear that
these responses were coordinated among the regions. We observed
that water suppliers with a diversity of water resources handled the
situation by tapping into resources not typically used during a
normal year. Examples include the heavy use of high elevation
waters throughout the year, when normally local surface waters
would be utilized, or the usage of emergency allotments of water
only consumed in dire need. These mitigation strategies were
observed in the d2H and d18O values of tap water, and in the future,
these could be used to monitor the dynamics in urban water systems under climate stressors. Additionally, sampling the d2H and
d18O values of source water feeding taps as well as working in a
more constrained urban water system would allow for the further
applications of the d2H and d18O values of tap water to deconvolve
system and climate dynamics.
Acknowledgements
This work was supported by National Institute of Justice [Grant
2013-DN-BX-K009] awarded to B.J.T. and the Charles Stark Draper
Laboratory, University Research and Development (URAD) Program
[Award SC0010000000747] awarded to J.R.E., B.J.T., and G.J.B. The
authors thank Sagarika Banerjee, Janet Barnette, and Suvankar
Chakraborty for their help in the stable isotope analysis. Also, we
thank Malia Harrison-Chau and Srinath Krishnan for their assistance in collections. We thank Benjamin Bray for his assistance to
detail EBMUD water supplies and Jeremy Lukins for providing
SFPUC GIS shape ﬁles. Comments from two anonymous reviewers
helped improve earlier versions of the text.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.watres.2017.04.022.
References
Alameda County Water District, 2015. 2015 Water Quality Report.
Bay Area Water Supply Conservation Agency, 2016. Annual Report FY 2014e2015,

224

B.J. Tipple et al. / Water Research 119 (2017) 212e224

p. 158.
Bowen, G.J., Ehleringer, J.R., Chesson, L.A., Stange, E., Cerling, T.E., 2007. Stable
isotope ratios of tap water in the contiguous United States. Water Resour. Res.
43 (W03419), 1e12.
Brown, E.G.J., 2015. In: Executive Order B-29e15. Executive Department, State of
California., Sacramento, CA.
Coplen, T.B., Kendall, C., 2000. Stable Hydrogen and Oxygen Isotope Ratios for
Selected Sites of the U.S. Geological Survey's NASQAN and Benchmark Surfacewater Networks. United States Geological Survey, Reston, VA, p. 409.
Coplen, T.B., Landwehr, J.M., Qi, H., Lorenz, J.M., 2013. The d2H and d18O of Tap Water
from 349 Sites in the United States and Selected Territories. United States
Geological Survey, Washington, DC, p. 113.
Craig, H., Gordon, L., 1965. Deuterium and Oxygen 18 Variations in the Ocean and
the Marine Atmosphere.
Diffenbaugh, N.S., Swain, D.L., Touma, D., 2015. Anthropogenic warming has
increased drought risk in California. Proc. Natl. Acad. Sci. U. S. A. 112 (13),
3931e3936.
East Bay Municipal Utility District, 2014. Water and Wastewater System Schedules
of Rates and Charges and Fees - FY15, p. 202 (Oakland, California).
East Bay Municipal Utility District, 2015. 2015 Annual Water Quality Report.
Ehleringer, J.R., Barnette, J.E., Jameel, Y., Tipple, B.J., Bowen, G.J., 2016. Urban water a new frontier in isotope hydrology. Isot. Environ. Health Stud. 1e10.
Fort, D., Nelson, B., Coplin, K., Wirth, S., 2012. In: Salazar, C. (Ed.), Pipe Dreams:
Water Supply Pipeline Projects in the West. Natural Resources Defense Council,
New York, NY, p. 44.
Gat, J., 1995. Physics and Chemistry of Lakes. Springer, pp. 139e165.
Gat, J.R., 1996. Oxygen and hydrogen isotopes in the hydrologic cycle. Annu. Rev.
Earth Planet. Sci. 24 (1), 225e262.
Ghassemi, F., White, I., 2007. Inter-Basin Water Transfer: Case Studies from
Australia, United States, Canada, China and India. Cambridge University Press,
Cambridge.
Gibson, J., Reid, R., 2014. Water balance along a chain of tundra lakes: a 20-year
isotopic perspective. J. Hydrol. 519, 2148e2164.
Gleick, P., 2003. Global fresh water resources: soft-path solutions for the 21st
Century. Science 302, 1524e1528.
Good, S.P., Kennedy, C.D., Stalker, J.C., Chesson, L.A., Valenzuela, L.O., Beasley, M.M.,
Ehleringer, J.R., Bowen, G.J., 2014. Patterns of local and nonlocal water resource
use across the western U.S. determined via stable isotope intercomparisons.
Water Resour. Res. 50 (10), 8034e8049.
Grifﬁn, D., Anchukaitis, K.J., 2014. How unusual is the 2012-2014 California
drought? Geophys. Res. Lett. 41 (24), 9017e9023.
Howitt, R.E., MacEwan, D., Medllin-Azuara, J., Lund, J.R., Sumner, D.A., 2015. In:
Economic Analysis of the 2015 Drought for California Agriculture. University of
California - Davis, Davis, CA, p. 16.
Jameel, Y., Brewer, S., Good, S.P., Tipple, B.J., Ehleringer, J.R., Bowen, G.J., 2016. Tap
water isotope ratios reﬂect urban water system structure and dynamics across a
semi-arid metropolitan area. Water Resour. Res. 52, 1e20.
Kendall, C., Coplen, T.B., 2001. Distribution of oxygen-18 and deuterium in river
waters across the United States. Hydrol. Process. 15, 1363e1393.
Landwehr, J.M., Coplen, T.B., Stewart, D.W., 2014. Spatial, seasonal, and source
variability in the stable oxygen and hydrogen isotopic composition of tap

waters throughout the USA. Hydrol. Process. 28 (21), 5382e5422.
Li, S., Levin, N.E., Chesson, L.A., 2015. Continental scale variation in 17O-excess of
meteoric waters in the United States. Geochimica Cosmochimica Acta 164,
110e126.
Marin Municipal Water District, 2015a. 2015 Annual Water Quality Report.
Marin Municipal Water District, 2015b. Notice of Meeting, p. 187 (Corte Madera,
California).
Mutikanga, H.E., Sharma, S.K., Vairavamoorthy, K., 2013. Methods and tools for
managing losses in water distribution systems. J. Water Resour. Plan. Manag.
139 (2), 166e174.
Puust, R., Kapelan, Z., Savic, D.A., Koppel, T., 2010. A review of methods for leakage
management in pipe networks. Urban Water J. 7 (1), 25e45.
R Core Team, 2013. R: a Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.
Rozanski, K., Araguas-Araguas, L., Gonﬁantini, R., 1993. In: Swart, P.K.,
Lohmann, K.C., McKenzie, J., Savin, S. (Eds.), Climate Change in Continental
Isotope Records. American Geophysical Union, pp. 1e36.
San Francisco Public Utilities Commission, 2014. Rates Schedule for Water Power
and Sewer Service - FY15 through FY18, p. 40 (San Francisco, California).
San Francisco Public Utilities Commission, 2015. Water Quality Matters: 2015
Annual Water Quality Report.
San Jose Water Company, 2015. 2015 Annual Water Quality Report.
Santa Clara Valley Water District, 2015. 2015 Water Quality Report.
Skrzypek, G., Mydłowski, A., Dogramaci, S., Hedley, P., Gibson, J.J., Grierson, P.F.,
2015. Estimation of evaporative loss based on the stable isotope composition of
water using hydrocalculator. J. Hydrol. 523, 781e789.
Swain, D.L., 2015. A tale of two California droughts: lessons amidst record warmth
and dryness in a region of complex physical and human geography. Geophys.
Res. Lett. 42, 9999e10003.
Thomas, T., Carlson, D., 2015. Water Year 2015 Ends as California's Warmest Ever;
~ o in 2016. Department of Water ReMany Hope for Drought-busting El Nin
sources, Sacramento.
U.S. Census Bureau, 2016. In: Department of Commerce (Ed.), Annual Estimates of
the Resident Population: April 1, 2010 to July 1, 2015 Commerce. U.S. Census
Bureau, Population Division.
Ueda, M., Bell, L.S., 2016. A city-wide investigation of the isotopic distribution and
source of tap waters for forensic human geolocation ground-truthing.
J. Forensic Sci. 1e13.
Vorosmarty, C.J., McIntyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A., Green, P.,
Glidden, S., Bunn, S.E., Sullivan, C.A., Liermann, C.R., Davies, P.M., 2010. Global
threats to human water security and river biodiversity. Nature 467 (7315),
555e561.
Waldrip, S.H., Niven, R.K., Abel, M., Schlegel, M., 2016. Maximum entropy analysis of
hydraulic pipe ﬂow networks. J. Hydraul. Eng. 04016028.
Western Regional Climate Center, 2014a. December in the West. http://www.wrcc.
dri.edu/articles/63/.
Western Regional Climate Center, 2014b. January in the West. http://www.wrcc.dri.
edu/articles/52/.
Western Regional Climate Center, 2015. January in the West. http://www.wrcc.dri.
edu/articles/64/.

