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Abstract
Millions ofCalifornians access drinkingwater via domesticwells,which are vulnerable to drought and
unsustainable groundwatermanagement.Groundwater overdraft and thepossibility of longer drought
durationunder climate change threatens domesticwell reliability, yetwe lack tools to assess the impact of
such events.Here,we leverage 943 469well completion reports and20 years of groundwater elevation
data to develop a spatially-explicit domesticwell failuremodel coveringCalifornia’sCentralValley.Our
model successfully reproduces the spatial distributionof observeddomesticwell failures during the severe
2012–2016drought (n= 2027). Next, the impact of longer drought duration (5–8 years)ondomesticwell
failure is evaluated, indicating that if the 2012–2016droughtwouldhave continued into a 6 to 8 year long
drought, a total of 4037–5460 to 6538–8056wellswould fail. The samedrought duration scenarioswith
an interveningwetwinter in 2017 lead to an average of 498 and738 fewerwell failures. Additionally,we
map vulnerablewells at high failure risk andfind that they alignwith clusters of predictedwell failures.
Lastly, we evaluate how the timing and implementationof different projected groundwatermanagement
regimes impact groundwater levels and thus domesticwell failure.Whenhistoric overdraft persists until
2040, domesticwell failures range from5966 to 10 466 (depending on the historic period considered).
When sustainability is achievedprogressively between 2020 and2040,well failures range from3677 to
6943, and from1516 to 2513when groundwater is not allowed to decline after 2020.

1. Introduction

Presently, more than 13 million households rely on
private domestic wells for drinking water in the United
States [1]. In the State of California alone, around
1.5million residents rely on domestic wells for drinking
water, around one third of which live in the Central
Valley (CV) [2]. Domestic wells in the CV are greater in
number than agricultural or public supply wells, yet
tend to be more shallow and have much smaller
pumping capacities (e.g. 0.25–1.0 m3 h−1 compared to
100.0–900.0 m3 h−1 [3]). Well completion report
(WCR) data [4] suggest that between 1900 and 2018 in
the CV, 96 299 domestic wells with an interquartile

(IQR) depth range of 36.6–75.6 m were drilled, com-
pared to 43 861 agricultural wells (IQR: 57.9–152.0 m)
and 3649 public supply wells (IQR: 76.2–159.0 m).
Hence, a large number of shallow domestic wells in the
CV are vulnerable to both lowering of the groundwater
table [5–9] and contamination by pollutants such as
total dissolved solids [10, 11], nitrates [12–14], arsenic
[15, 16], uranium [17, 18], and hexavalent chromium
[19, 20], amongothers.

Past droughts in California have encouraged both
additional well drilling and groundwater pumping to
supplement dwindling surface water supplies [21, 22].
During the 2012–2016 drought, 2027 private domestic
drinking water wells were reported dry in California’s
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CV [23]; because reporting was voluntary, actual well
failure counts are possibly greater. To date, limited
long-term data and solutions exist to address the vul-
nerability of rural community drinking water supply
wells to severe droughts [24, 25].

The paucity of well failure research, particularly in
California, is partially due to privately-held records on
well location and construction. In 2017, the public
release of over one hundred years of digitized domestic
WCR enabled the first spatial distribution and count
estimates of domestic wells in California [26, 27]. The
California Online State Well Completion Report Data-
base [4] and similar well construction databases across
theUS have allowed near-continental scale estimation of
failing wells [28] and well depths [9]. A recent study in
the Tulare County, California (around 5000 km2) esti-
mated domestic well supply interruptions from ground-
water level decline during the 2012–2016 drought, and
the associated costs of maintaining domestic water well
supplies [29]. However, to our knowledge, no studies
have developed models at the regional aquifer scale
(around 50 000 km2 or greater) that simulate the impact
of drought and sustainable groundwater management
regimes on domestic well failure. Such a model can help
evaluate the consequences of future droughts and state-
wide groundwatermanagement options.

Groundwater overdraft in California is part of a
larger global trend in aquifer depletion [30–33]. Like
many other semi-arid, agriculturally intensive regions
worldwide, in the decades to come, California will
grapple with the impacts of climate change and policy
on its overdrafted aquifers. By the end of the 21st cen-
tury, California’s snowpack is projected to decline by
as much as 79.3% [34], and drought frequency in the
southern CVmay increase by upwards of 100% [35]. It
is in this increasingly drier and warmer climate
[36, 37] characterized by more frequent, more spa-
tially extensive heat waves and extended droughts
[38, 39], that California will implement a statewide
policy of sustainable groundwater management [40].
These policies aim to prevent chronic groundwater
overdraft and other undesirable results, including
domestic well failure. However, we lack both metho-
dological approaches to forecasting well failure, and a
basic understanding of how climate change (i.e.
drought) and policy (i.e. groundwater management
regimes)will impact well failure.

In this paper, we present a regional aquifer scale
model covering California’s CV that predicts domestic
well failure in response to groundwater level decline
from extended drought and different groundwater
management regimes. Themodel was developed using
reported domestic well failures from the severe
2012–2016 California drought. The goal of this study
is to evaluate the risk of domestic well failure in
response to (1) extended (5–8 year) drought duration
scenarios and (2) three different groundwater man-
agement regimes (sustainability, glide path, business
as usual) in California’s CV.

2. Study area

The domestic well failure model was developed for the
California CV alluvial groundwater basin (figure 1). We
chose this area for its geologic continuity, data availability,
social and economic significance, and high rates of
domestic well failure reported during the recent
2012–2016 drought. The study area was further pared
down to only include areas with domestic wells com-
pletedonorafter1976 (SI appendix, sectionS1 is available
online at stacks.iop.org/ERL/15/044010/mmedia).

The CV is heavily dependent on winter snowpack
and groundwater for agriculture [41, 42, 21]. In an
average year, groundwater provides about 30% of the
water demand, but in drought years, groundwater can
account for upwards of 60% of water consumed in
some parts of the CV [43]. Nearly all of this water is
consumed by agriculture [42, 43]. It is well established
that scarce surface water supply during drought
encourages groundwater pumping [44, 25, 45]. The
United States Geologic Survey estimated that during
periods of drought, groundwater pumping in the CV
increased upwards of 180% compared to the long-
term mean (1962–2003) [42]. Estimated annual base-
line groundwater depletion in the San Joaquin Valley
(southern CV) is 2.3 km3 yr−1, but during drought,
the groundwater depletion rate may be up to 5 times
greater [46]. Modeled CV groundwater depletion dur-
ing the 1976–1977, 1987–1992, 2012–2016 droughts is
estimated at 24.6 km3, 49.3 km3, and 40.0±0.8 km3

respectively [41, 47]. Thus, four- and five-year long
historical droughts in California’s CV have led to
groundwater storage losses roughly equivalent to the
combined storage capacity of California’s surface
water reservoirs (51.8 km3) [21].

Groundwater storage change leads to groundwater
level change. Data from 506 monitoring wells in the
Tulare Lake hydrologic region indicate that between
fall 2011 and fall 2017, around 90% of wells experi-
enced a decline in groundwater level, and 58.9% of
wells experienced more than 7.5 m of groundwater
level decline [48].

3.Materials andMethods

3.1.Data
The study used WCR from 943 469 wells from the
CaliforniaDepartment ofWaterResources (https://data.
ca.gov/dataset/well-completion-reports) [4]. Further,
the study used seasonal groundwater level measurements
[49] spanning the period 1998–2017 and well failures
reported during the 2012–2016 drought. The well failure
datasetwas obtained via an agreementwith theCalifornia
Department of Water Resources and the California
Governorʼs Office of Planning and Research [23]. A
limitation of the reportedwell failure data is that data was
neither collected nor verified consistently by counties,
and reporting was voluntary (and usually happens only
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when a well owner could not self-solve their issues).
Hence, the reporteddataunder-counts thedomesticwells
impacted during the drought. All data are accessible
online [50], with the exception of observed well failure
data, which are confidential and may be obtained by
contacting the California Department of Water
Resources. Further information on data sources is
provided inSI appendix, sectionS2.1.

3.2. Classification of failing and vulnerablewells
We distinguish between three classes of well status:
active, failing, and vulnerable. A well is classified as
activewhen the groundwater level at the location of the
well is above the level of the pump intake. If the
groundwater level falls at or below the pump intake,
thewell is classified as failing (figure 2). Thewell failure
data collected during the 2012–2016 drought did not
distinguish between failing wells and wells experien-
cing a decrease in pump efficiency, thus for the model
calibration, wells are considered as either failing or
active. Further detail is provided in SI appendix S2.2.

Wells are classified as vulnerable to well failure
when the groundwater level in awell falls within 3mof
the pump intake. As the distance between a wellʼs
pump intake and the groundwater level decreases, the
fluid pressure (i.e. the net positive suction head)
declines, causing cavitation, which may physically
damage the pump and decrease its efficiency [51, 52].
In this study, we estimate the minimum separation
distance required to avoid decreases in well function as
3m (see SI appendix S2.3).

3.3. Groundwater level interpolation
Seasonal (spring and fall) groundwater level data for
each year between 1998 and 2017 [49] were used to
determine groundwater level changes in the uncon-
fined to semi-confined shallow aquifer, which domes-
tic wells draw from. For each set of seasonal
groundwater levels, we applied ordinary kriging to the
log-transformed groundwater levels to normalize the
data distribution, suppress outliers, and improve data
stationarity [53, 54]. Because the expected value of
back-transformed log-normal kriging estimates is

Figure 1.California’s Central Valley is amajor agricultural hub in theWesternUS, approximately 720 km long and 64–97 kmwide.
(A)The 2027 reported domestic well failures during the 2012–2016 drought (red dots) cluster in the southeast. 67 011 domestic wells
(blue dots) reported inOSWCR and constructed after 1976were used to define the study area (see SI appendix S.1 for details).
(B)Average groundwater level change from 2012 to 2016 in unconfined to semi-confined aquifers. Areas of large groundwater level
decline correspond to areas of high reportedwell failure.
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biased (i.e. not equal to the sample mean), we applied
the correction of Laurent [55, 56] to recover unbiased
groundwater level estimates (SI appendix, section
S2.4). We further calculated the 5% and 95% con-
fidence intervals of the kriging estimates to propagate
kriging uncertainty through the model and into the
well failure estimates.

3.4. Pump intake depth estimation
Pump intake depth is not explicitly recorded onWCRs,
thus for each well, it was estimated as the mean of the
static water level at the time of well completion, and the
top of the screened interval (SI appendix, section S2.6).
When pump depth could not be directly calculated (i.e.
—a WCRs is missing static water level or the top of the
screened interval information), we imputed pump
depths with simple linear models to regress known
pump depths onto the bottom of the screened interval,
which is known for nearly all wells (SI appendix,
figure S4). Pump depth exhibits spatial variance due to
geologic heterogeneity andhistorical groundwater level,
hence imputation was conducted at the Bulletin 118
subbasin level (SI appendix, figure S3) to ensure
hydrogeologic similarity. As with the kriging estimates,
we calculated the 5% and 95% confidence intervals of
the estimated pump locations to propagate this uncer-
tainty into thewell failure estimates.

3.5.Model calibration based on 2012–2016
drought data
The well failure model was calibrated with observed
2012–2016 well failures by relating groundwater level
changes to estimated pump intake locations of wells in

OSWCR, and minimizing error between the observed
and predicted well failures during the 2012–2016
drought (SI appendix, section S2.7). Well failures tend
to form clusters, thus we calculated Gaussian kernel
density estimates for the observed and predicted point
patterns and calculated residual error as their differ-
ence. We use a kernel bandwidth of 433 m, calculated
as l0.15 5 · where λ is the point intensity—the
number of observations divided by the study site area
[57]. Calibration results are depicted at the Public
Land Survey System [58] township resolution (roughly
10 km) to improvemapping.

3.6. Simulation of drought duration scenarios
Climate change may cause severe and extended droughts
exceeding 4 years in duration, yet the impact of such
drought durations on domestic well failure remains
unknown. Thus, we simulate drought durations of 5–8
years in length by extending the observed 2012–2016
droughtwith anadditional 1–4yearsusing two scenarios:

(i) Continuous drought: 1–4 years of drought imme-
diately following the 2012–2016 drought.

(ii) Intervening wet winter: identical to the continuous
drought scenario, but groundwater levels are
allowed to recover after 4 years, due to one
interveningwet winter.

Groundwater level change in each drought dura-
tion scenario was determined by assuming that the
impact of future droughts is proportional to the his-
torical 2012–2016 drought. In other words, the

Figure 2.Conceptualmodel of well failure in an unconfined to semi-confined alluvial aquifer (details provided in SI appendix,
section S2.2). (A)Groundwater level is above all pump intakes, and all wells are active. (B)Groundwater level falls below the pump
intake of the shallowwell, causing it to fail. The deepwell remains active. In our study site, shallowwells tend to be domestic, and deep
wells tend to be agricultural and public supplywells.
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groundwater level change associated with 1–4 addi-
tional years of drought is computed by scaling the
change in the groundwater level field observed during
the 2012–2016 drought by 0.25, 0.50, 0.75, and 1
respectively.

In the ‘continuous drought’ scenario, ground-
water levels are already low from the 2012–2016
drought, and increased well failure is expected. Hence,
the ‘intervening wet winter’ scenario examines how
much a wet winter event, such as the one observed in
2017, may buffer against well failure over a longer
drought duration.

3.7. Projected groundwatermanagement regimes
In California, the Sustainable Groundwater Manage-
ment Act (SGMA) enacted in 2014, requires the
development and implementation of local ground-
water management plans by 2020. These plans aim to
prevent undesirable results, including the chronic
lowering of groundwater levels, to achieve ground-
water sustainability by 2040 for critically overdrafted
basins. Overlying landowners of overdrafted basins
may deploy different groundwater management
regimes, which will impact groundwater level change
in the coming decades to various degrees.

To analyze how different groundwater manage-
ment regimes might impact groundwater level change
and hence domestic well failure, we simulate three
simplified regimes for the period 2017–2040 (figure 3):

(i) Strict sustainability: water levels do not decline
after 2020. This represents a theoretical (and

idealized) best case management regime for
domestic wells.

(ii) Glide path: groundwater level decline is gradually
reduced over the implementation period
until 2040.

(iii) Business as usual: groundwater level decline con-
tinues at the historic rate. This regime is used for
comparison.

To project the number of failing wells for each
groundwater management regime, we extend past
groundwater level trends through 2040. For this, we
first determined past groundwater level trends using
data for the period from 1998 to 2017 and estimated
annual groundwater levels at each point of the CV via
ordinary kriging as discussed above and in SI
appendix, section S2.4. To estimate declining ground-
water level trends consistently over time, we only use
fall measurements following the growing season. We
then obtain linear approximations of groundwater
level for each cell using a 5×5 km2 raster. We use
three different approximations of groundwater level
based on changes observed from 1998–2017,
2003–2017, and 2008–2017 to account for differences
in initial groundwater level and thus, uncertainty
introduced by the period over which the linear models
are built. Finally, to project the ‘Strict sustainability’
regime we extend these three approximations into
2020, then eliminate further overdraft. In contrast, the
‘Business as usual’ regime projects the linear trends
into 2040 before ending overdraft, and the ‘Glide path’

Figure 3.Projected groundwatermanagement regimes using actual groundwater elevation change for a point in Tulare County as an
example. Groundwater level change is approximated by three linear trends, based on different time periods. In this figure, we show the
different projected groundwatermanagement regimes using the linear approximation based on the 1998–2017 period. In the analysis,
we calculate groundwater levels across the entire CV, using all three trends, and all three regimes.
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regime gradually reduces the slope of the linear trend
between 2020 and 2040, representing a middle path
between the ‘Strict sustainability’ and the ‘Business as
usual’ regimes.

4. Results

4.1.Well failure prediction during the 2012–2016
drought
The calibrated model reproduced both the magnitude
and spatial distribution of the 2027 well failures

observed in the study area during the 2012–2016
drought (figure 4(A)). The model predicts a slightly
higher mean number of well failures (n = 2513)
(figure 4(B)), which is expected, as observed well
failures are most probably under-reported due to the
voluntary nature of data collection, and awell-ownerʼs
perceived consequence of reporting a failed well to
their county or state.

The normally distributed residual error
(figure 4(C)) indicates the unbiasedness and strength
of the model: well failure predictions for the observed

Figure 4.Model performance in predicting the spatial intensity of observed domestic well failures during the 2012–2016 drought.
(A)Observedwell failure point pattern and kernel density estimate. (B)Predictedwell failuremean estimate (n= 2513) and kernel
density of themean prediction. The 5%and 95%confidence intervals of predictedwell failures span the interval from2144 to 2868.
(C)Residual (predictedminus observed) error, with red areas indicating areas of over-prediction, and blue areas indicating
under-prediction.
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2012–2016 drought were within 20% of the actual
value for around 68.2% of the study area, between
20% and 55% of the actual value for around 27.2% of
the study area, and greater than 55%of the actual value
for less than 5%of the study area.

Unsurprisingly, both observed and predicted fail-
ures tend to cluster in the southeastern CV, where
agricultural groundwater use is comparatively higher
than elsewhere in the state [43, 42]; households reliant
on domestic wells in this region are particularly sus-
ceptible to failure.

4.2. Failing and vulnerable wells in drought
duration scenarios
Longer drought duration results in widespread
well failure episodes concentrated primarily in the
southeastern CV (figure 5). Consistent with domestic
well failure patterns observed during the 2012–2016
drought, well failure density is highest in Madera,
Kings, Kaweah, Tule, Tulare Lake, and Kern
subbasins.

In the ‘continuous drought’ simulation, two- and
four-year long droughts immediately following the
2012–2016 drought (6 and 8 years total without an
intervening wet winter) result in 4037–5460 and
6538–8056 cumulative well failures, respectively.
Thus, a two-year drought duration following the
2012–2016 drought results in more well failures than
the 2012–2016 drought alone, and a combined 8 year
drought duration results in nearly twice the failures
observed from 2012 to 2016 (figure 6). Intensified well
failure during extended drought reinforces the inter-
dependence of well failure on groundwater level: when
groundwater levels cannot recover to pre-drought
levels and pump depths are fixed, wells are more vul-
nerable to failure.

In the ‘intervening wet winter’ scenario, ground-
water levels are allowed to recover during 2017, and
well failure slightly abates: 498 and 738 fewer wells fail
in the 6 and 8 year drought scenarios, indicating that
an increase in median groundwater level of only a few
meters across the Central Valley can prevent hundreds
of domestic well failures during extended drought.

The cumulative sum of annual well failures
observed in the evaluated drought duration scenarios
follows a linear trend (figure 6). If the drought were to
continue past the simulated 8 years scenario, well fail-
ures likely would follow a sigmoidal trend: inflecting
then leveling off, as failure progresses to increasingly
infrequent and deeper wells until none are left.

Vulnerable wells (figure 7) are those with esti-
mated pump intakes within 3 m of the groundwater
level, and are at heightened risk of experiencing a
reduction in pump efficiency, or a failure episode.
Since this 3 m window is fixed in our analysis, the spa-
tial distribution and count of vulnerable wells is rela-
tively constant across the drought duration scenarios
(2274–2453 wells), and the present day scenario of Fall
2018 (mean estimate = 2568). Moreover, the spatial
distribution of vulnerable wells mirrors those of well
failures.

4.3. Failingwells in projected groundwater
management regimes
Projecting groundwater depths into 2040 under
three different management regimes results in sig-
nificant differences in domestic well failures
(figure 8). The ‘Business as usual’ regime, with no
change in the historical trend of groundwater
level decline, would lower the groundwater level by
up to 100 m in parts of the southern CV, but
significant groundwater level declines are wide-
spread. Scenarios aimed at achieving sustainability

Figure 5. Simulated domestic well failure point patterns and associated kernel density estimates for 5–8 year drought duration
scenarios beginning in Fall 2016 (maps showmean prediction). n is the 5%and 95%confidence interval of cumulative well failure
count in each scenario, including the 2027 failingwells in the 2012–2016 drought.
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Figure 6. Left: Cumulative domestic well failures from2012 to 2016. Right: Cumulative domestic well failures resulting from
simulated drought durations 5–8 years in length. The continuous drought duration scenario (blue) leads tomorewell failure
compared to the interveningwetwinter scenario (green). Points represent themeanwell failure estimate, and shaded regions represent
the 5%and 95%confidence intervals.

Figure 7.Top row: kernel density estimates of low vulnerability (white) and high vulnerability (red) regions in extended drought
duration scenarios and in Fall 2018. Bottom row: histograms of failingwells (grey), vulnerable wells (red), and active wells (blue) for
the extended drought scenarios and Fall 2018 scenario. The black dotted line at 3meters is the threshold at whichwells are at risk of
decreased efficiency. All numbers reported are themean estimate of dry, vulnerable, and failingwells.
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would reduce these declines, hence the differences
between the ambitious ‘Strict sustainability’, ‘Glide
path’ and ‘Business as usual’ pathways might be quite
important for water resources managers and policy
makers.

The groundwater depth changes and associated
well failures are sensitive to the period used for the lin-
ear approximation of groundwater level declines. The
period from 2008 to 2017 leads to significantly worse
groundwater depletion than both periods 2003–2017
and 1998–2017, particularly because of the effects of
the 2012–2016 drought. Average well failures for the
‘Business as usual’ regime range from 5966 to 10 466
(depending on the period used for the linear interpola-
tion), while under the ‘Glide Path’ regime they range
from 3677 to 6943, and from 1516 to 2513 under the

‘Strict sustainability’ regime (confidence intervals are
reported in SI appendix, table S2).

Most of the estimated domestic well failures are
still concentrated in the southeastern CV, but the cen-
tral and northern CV are also affected, presumably due
to the ubiquity of relatively shallow wells in these
regions. The ‘Business as usual’ regime leads to espe-
cially severe well failure in all three projected ground-
water level trends.

5.Discussion

5.1. Impact of drought duration onwell failure and
vulnerability
It is well understood that drought duration leads to
increased groundwater extraction [21, 22], and hence

Figure 8.Domestic well failures projected for three groundwatermanagement regimes (columns) based on three different time
periods of linear groundwater level change (rows). The left plot of each pair is themean projected groundwater level change from2017
to 2040. Groundwater level decline (red) ismore common than groundwater level increase (blue). The right plot of each pair shows
themean predictedwell failure point pattern for that combination of groundwatermanagement regime and groundwater level change
approximation. See SI appendix, table S2 for confidence intervals.
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domestic well failure [28, 25]. Thus, we tested the
impact of previously unseen drought durations ran-
ging 5–8 years in length, by simulating an additional
2–4 years of severe drought immediately following the
2012–2016 drought, calculating the change in ground-
water level, and determining failing and vulnerable
wells.

A previous study estimated that 4 years of drought
in the Tulare County, California immediately follow-
ing the 2017 wet winter would result in about 200–850
domestic well failures [29]. Our modelʼs equivalent
scenario (intervening wet winter with an 8 year
drought duration) results in a similar range of 585–715
domestic well failures in Tulare County. Additional
comparisons are not possible given the lack of research
on this topic.

At the level of California’s CV, our results suggest
that drought durations of 6–8 years result in 4037 to
5460 and 6538 to 8056 cumulative well failures,
respectively. However, an intervening wet winter dur-
ing the 6 and 8 year long drought duration simulations
buffers against well failure: when groundwater is
allowed to recover after 4 years of drought (as hap-
pened during the 2017 wet winter), an average of 498
and 738 less domestic wells fail. These findings sup-
port research indicating that limiting groundwater
pumping during drought may reduce well failure
[46, 29], and a general understanding that ground-
water pumping can lower proximal groundwater
levels [5].

During the 2012–2016 drought, the median
groundwater level in the CV fell to progressively
new historic lows each fall after the summer growing
season (SI appendix, section S2.5) [48]. Our results
indicate that between fall of 2014 and 2015, the med-
ian groundwater level across the entire CV fell by
nearly 5 m, and in some areas (i.e.—Tulare, Kings,
and Kern counties), by tens of meters. In fall of 2016,
the median groundwater level in the CV was 27.0 m
below land surface. Moreover, our results indicate
that the IQR range of domestic well pump locations
in the CV is 24.5–52.3 m below land surface.
The proximity of pump intake depths to ground-
water levels explains why domestic wells are sensitive
to even slight declines in groundwater level: 5–10 m
of groundwater level decline may easily impact
thousands of domestic well pump intakes and
cause failure.

In the four drought duration scenarios evaluated,
an average of 2274 to 2453 domestic well pumps reside
within 3 m of the groundwater level. We classified
these wells as vulnerable, because they are likely to fail
first under persistent groundwater level decline. The
spatial distribution of well vulnerabilitymirrors that of
well failures. Mapping clusters of predicted failing and
vulnerable wells is essential for sustainable water man-
agement and disaster response.

5.2. Implications for groundwatermanagement and
policy
The strong dependence of domestic well failure on
groundwater pumping to support irrigated agriculture
raises serious questions concerning the role of sustain-
able groundwater policy inmitigating well failure [46].
We evaluated three different projected groundwater
management regimes to curb groundwater level
declines in the coming years: a ‘Strict sustainability’
theoretical best-case regime wherein declining trends
in groundwater level stop in 2020, a ‘Business as usual’
regime that continues groundwater decline until 2040,
and a final ‘Glide path’moderate regime that slows the
rate of groundwater level decline to the midway point
between the former two regimes.

Our results suggest that choices embedded within
each of the groundwater management regimes vastly
impact the amount of expected well failures. For
instance, the ‘Glide path’ regime predicts 3677 to 6943
domestic well failures by 2040, and the ‘Business as
usual’ regime predicts 5966 to 10 466 domestic well
failures by 2040. Both groundwater management
regimes would result in twice to almost three times as
many well failures than the ‘Strict Sustainability’
regime (1516–2513 failures). All three scenarios are
sensitive to the period of record used to approximate
the linear groundwater level decline, however they
underpin the vulnerability of domestic wells to his-
toric rates of groundwater level decline, and demon-
strate the impact ofmanagement onwell failure.

Refilling overdrafted aquifers via managed aquifer
recharge might meet the dual objectives of increasing
groundwater storage, and bolstering domestic well
dependent households’ drought resilience. In Cali-
fornia, high-magnitude flood flows are likely the most
accessible and largest sources of water to replenish
groundwater aquifers through managed aquifer
recharge [59], which might considerably slow or
reverse trends in groundwater depletion. The emer-
ging research in the strategic siting of managed aquifer
recharge considers impacts on crop health [60],
human health [61], the mobilization of contaminants
into groundwater [62], and hydrogeologic suitability
(i.e.—highly conductive flowpaths and geologic for-
mations capable of accommodating large volumes of
water, such as incised valley fills) [63]. In the San Joa-
quin Valley where domestic well failures peak, mana-
ged aquifer recharge alonemay not be enough to offset
groundwater overdraft, but coupled with a reduction
in agricultural water use [46], groundwater levels may
stabilize enough to prevent widespread future failure
events.

This study assumes that no interim well construc-
tion takes place to prepare for falling groundwater
levels, such as the practice of pump lowering or well
deepening. Pump lowering typically takes place in 6 m
intervals (the length of standard discharge piping), and
costs around $2000USD per lowering event [29]. If we
consider the cost of pump lowering in all failing
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wells in the 6 and 8 year drought duration scenarios (in
reality some wells will not have room to be lowered)
and assuming every failing wellʼs pump is lowered
once (some will require more than one lowering), at
$2000 USD per 6 m unit of discharge piping,
4037–5460 and 6538–8056 failures correspond to
$8.7–$10.4 and $13.8–$15.5millionUSD.

During the recent drought, it is likely that some
households also deepened their wells. In California
and nationwide, drilling deeper wells is a common
practice to adapt to declining groundwater levels [9],
but is a costly and unsustainable solution thatmay fur-
thermore result in cross-contamination due to inter-
connection of confined aquifers by well construction
[64]. Moreover, the financial burden of pump low-
ering or well deepening might disproportionately
impact disadvantaged populations [30] unable to
afford chasing after declining groundwater levels.
Since many of these disadvantaged groups may not
own their land and thus wells, well construction deci-
sions may be made by landowners rather than the
affected groups.

Sustainable long-term solutions for drinking
water access might include connecting vulnerable
households to nearby centralized water provisions.
Recent research indicates that many rural commu-
nities, assumed to be on domestic wells, are actually
quite close (less than 2 km) to a potable water supply
system [65]. However, as annexation and consolida-
tion is financially and physically impractical for all
domestic-well dependent households, many will
remain too remote and isolated to connect to a nearby
water system.

Short- and long-term solutions to domestic well
failure remain largely unexplored.What role canman-
aged aquifer recharge play in mitigating well failure?
Given the strong dependence of groundwater level
decline on extraction for irrigated agriculture, could
agri-business proximal to centers of high well failure
collectively fund safety nets that internalize the cost of
well failure during periods of increased groundwater
pumping? Should vulnerable domestic well reliant
populations connect to nearby municipal water sys-
tems with more reliable water supply? What is the
appropriate solution for those that are too remote or
isolated to connect to a community system?

5.3. Applicability to other areas
The well failure model presented in this study is
extensible to other areas outside of California where
sufficient data or groundwater flow models are avail-
able. It relies on two inputs: (1) a time series of
spatially-explicit groundwater level surfaces reflecting
typical groundwater level changes (specifically, the
maximum drawdown), and (2) well construction
information (i.e.—geographic location and pump
intake depth).

Approaches for interpolating groundwater levels
and estimating pump intake depths are demonstrated
in this study, though others exist [29, 28, 66, 56].
Groundwater levels provided by a groundwater flow
model such asMODFLOW [67]would easily couple to
a well failure model, enabling the simulation of water
management regimes and the impact of the resulting
groundwater level on domestic well failure at arbitrary
temporal scales. In California, existing regional-scale
groundwater flow models such as C2VSim [43] and
CVHM [42] can be used to plan for the impact of
future failure episodes under different water manage-
ment regimes involving changes in both pumping and
recharge in space and time.

This study aimed for regional prediction of failing,
vulnerable, and active wells, butmore nuanced impact
analyses can be made. For instance, variable losses in
well efficiencymay be quantified as groundwater levels
fall [22]. This in turn enables the cost estimation of
repairing failing and vulnerable wells (e.g.—pump
lowering, well deepening), compared to water man-
agement actions (e.g.—fallowing fields, reduced
groundwater pumping).

Where resources exist to survey households,
detailed domestic well information such as geographic
location, pump intake depth, and retirement age may
be obtained, and would further constrain the uncer-
tainty inherent in the estimation of these parameters.
Additionally, well failure observations are essential for
model calibration. Though this study benefited from
failure data, efforts to anticipate domestic well failures
as proactive hazard mitigation should not wait for the
existence of observational data. It does, however, sug-
gest the benefit of having such a system in place as part
of local and state-level drought preparedness.

5.4. Implications for adaptation to climate change
Our results demonstrate that the mechanisms leading
to domestic well failure are heavily dependent on
groundwater level declines due to pumping for
irrigated agriculture and increased pumping during
drought. A historical lack of groundwater manage-
ment in California [21] has led to widespread ground-
water level decline. Climate change compounds the
impact of water management decision-making.
Warming will increase the frequency and duration of
drought in California and other parts of the world
[36, 37, 35, 34, 68], and if left unchecked, groundwater
withdrawal will likely intensify as surface water
becomes more scarce, as it has in the past [21]. As we
demonstrate in this study, groundwater replacement
of lost surface water during extended drought intensi-
fies well failure due to already low groundwater levels.
Thus, managing for low to no domestic well failure
requires a consideration of the complex interaction
between land use change, water resources manage-
ment, human decision-making, and climate change.
Unless adaptation strategies become integral to
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sustainable groundwater management policy, the
extended droughts anticipated under climate change
and resulting changes in groundwater levels will put
thousands of domestic wells in California’s CV at risk
of failure, and hence, thousands of Californians at risk
of losing access towater.

5.5. Additional perspective on the data andmodel
There is generally good agreement between the
observed and predicted well failure at the 10 km
resolution of the residual error maps (figures 4(A)–
(B)), and better agreement (figure 4(C)) is achieved at
larger spatial scales (i.e.—Bulletin 118 groundwater
subbasins, entire CV). Thus, the results presented in
this study should not be taken as de facto predictions of
the exact locations of well failure, but rather, as
regional-scale well failure estimates. Local-scale errors
introduced by uncertainty in well failure reporting,
well completion reporting, groundwater level, and
model formulation are overcome at regional scales.

We acknowledge that spatial and temporal varia-
bility in monitoring well data introduces uncertainty
in the interpolated groundwater level. Ambient mon-
itoring wells measured each season (i.e.—spring and
fall) are not the same across seasons, and each seasonʼs
measurements are sampled over a roughly three
month time frame (January–March in the spring, and
October–December in the fall). However, because
most of the groundwater level change observed in a
year takes place as the result of the summer growing
season, and the fall measurements take place after the
summer, spring and fall measurements still reflect
ambient conditions. Moreover, both scaling the
2012–2016 groundwater level change to create future
drought scenarios, and calculating 2040 groundwater
levels with linear trends are simple approaches to esti-
mate future groundwater level decline, but the accur-
acy of any method to forecast unseen future events are
also questionable. Additionally, we do not account for
any emergency response measures in response to
drought such as groundwater pumping curtailments.
In California, some households were able to drill dee-
per wells, lower their pumps, or connect to a nearby
surface water supply system during the drought.
Because these corrective actions are cost-prohibitive
and highly unlikely to be widespread, our modeling
assumptions (no corrective action) and hence results,
still agree with observed well failure rates from 2012
to 2016.

6. Conclusions

In this study, we developed a data-driven well failure
model and applied it to California’s CV to make
regional-scale estimates of domestic well failure, and
assess future well failure under different groundwater
level scenarios.

Our model reproduces reported domestic well
failures during the 2012–2016 drought in California’s
CV (n=2027), and furthermore, simulates the
impact of different drought duration scenarios up to
8 years in length. We show that small declines in
groundwater level are sufficient to cause thousands of
wells failures when groundwater levels are already low,
and that wet winters, and hence groundwater recharge
or reduced pumping, may buffer against well failure.
A simulated drought duration of 6 years (2012–2018)
results in 4037–5460 total well failures. Similarly, an
8 year long drought (2012–2020), corresponds to a
median groundwater level change of less than 10 m
across the CV, but results in 6538–8056 total well fail-
ures. The same 6 and 8 year long drought duration sce-
narios with an intervening wet winter in 2017 lead to
an average of 498 and 738 fewer well failures. Lastly,
wells that do not fail may still be vulnerable to failure.
Our model estimates that in Fall 2018, an average of
2568 well pump intakes were within 3 m of the
groundwater level, and 10 544 well pump intakes were
within 10mof the groundwater level.

Our model further shows that early adoption of
sustainable groundwater management regimes aimed
at halting declining trends in groundwater level will
lessen the magnitude of domestic well failure. A ‘Busi-
ness as usual’ linear groundwater level decline would
result in an average of 5966–10 466 domestic well fail-
ures by 2040. In contrast, a more gradual ‘Glide path’
decline would result in 3677–6943 domestic well fail-
ures by the same date. A ‘Strict sustainability’ regime
that allows groundwater levels to decline until 2020
before haltingwould result in 1516–2513well failures.

Together, these results demonstrate that access to
domestic water supply for large rural populations may
be imperilled by a relatively small number of agri-
cultural users, posing challenges for equitable and sus-
tainable groundwater management which may not
adequately represent domestic well users.

Models like the one developed in this studymay be
updated over time to accommodate additional wells,
refine existing well construction information, and
evaluate the impact of potential water management
strategies on groundwater level changes, and hence
well failure. This studyʼs approach to well failuremod-
eling may be applied in other arid regions worldwide
to facilitate drought preparedness planning. We
anticipate that the model developed herein may be
used by local and state agencies developing ground-
water management plans in accordance with Cali-
fornia’s Sustainable GroundwaterManagement Act.
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