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ABSTRACT

Ongoing (2014-16) drought in the state of California has played a major role in the depletion of ground-
water. Within California’s Central Vallcy, home to one of the world’s most productive agricultural regions,
drought and increased groundwater depletion occurs almost hand in hand, but this relationship appears to
have changed over the last decade. Data derived from 497 wells have revealed a continued depletion of
groundwatcr lasting a full year after drought, a phenomenon that was not observed in carlier records before
the twenty-first century. Possible causcs include 1) lengthening of drought associated with amplification in the
4-6-yr drought and El Nifio frequency since the late 1990s and 2) intensification of drought and increased
pumping that cnhances depletion. Altogether, the implication is that current groundwater storage in the
Central Valley will likely continue to diminish even further in 2016, regardless of the drought status.

1. Introduction

California’s Central Valley is undergoing a ground-
walter drilling boom amid one of the most severe droughts
in state history, and new wells often have to be drilled
deeper in order to tap into the shrinking aquifer
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(Howard 2014; Kennedy 2014). Drought conditions
have forced the state of California to consider new
methods and regulations regarding the monitoring
and appropriation of groundwater resources (AghaKouchak
et al. 2014b). Satellite monitoring of the Gravity Re-
covery and Climate Experiment (GRACE) has in-
dicated a 31 + 3km loss in groundwater storage from
2006 to 2012 (Famiglietti et al. 2011; Scanlon et al.
2012). A recent study (Howitt et al. 2014) estimated
that the 2014 drought resulted in an additional
groundwater loss on the order of 6.3km’, and the
depletion continues despite efforts to curb water use
(Famiglietti 2014).

The present groundwater status in California’s Cen-
tral Valley is rooted in its history. For more than 50 years
the Central Valley has been one of the most productive
agricultural regions of the world, which is facilitated by
sufficient supply of irrigation water (Bertoldi et al. 1991;
Faunt 2009). Irrigation and agricultural activity have
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accounted for the vast majority of all water use: dur-
ing the 1960s and 1970s, annual irrigation water was
derived equally from groundwater and surface water,
though in drought years the amount supplied by
groundwater would increase (Bertoldi et al. 1991). In
the early 1980s, the overall usage of irrigation water
increased slightly, and an increased proportion came
from surface water. According to USGS water use data
for California, from the 1980s untl 2010, the Central
Valley began using less total water for irrigation, yet there
has been an increase in the proportion taken from
groundwater sources. The Central Valley has seen a
rapid population growth from 5.7 million people in
2000 to 6.7 million people in 2010 (http://www.census.
gov/2010census/), leading to increased household usage of
walter in addition to agricultural water use. In the mean-
time, groundwater storage in the Central Valley has de-
clined by almost 60 million acre feet since the 1960s
(Faunt 2009).

Climatic factors have affected groundwater in the
Central Valley as well. The effects of global warming at
the regional scale include a hotter and drier climate
(Dai 2013) and earlier snowmelt (Westerling et al.
2006), both of which can aggravate drought conditions.
A companion study that analyzed water cycle extremes
in California (Yoon et al. 2015a,b) has projected that
both intense drought and excessive flooding will in-
crease by at least 50% toward the end of the twenty-first
century, and such an increase is linked to strengthened
impacts from the life cycle of El Nifio-Southern Oscil-
lation (ENSO) (Wang et al. 2015). Given the severe
drought conditions in California, a pressing question
posed is whether the state will experience continued
shortfalls in groundwater in upcoming years. To better
assess future water resources, this study investigated the
linkage between groundwater and drought, and partic-
ularly the hypothesis that the recent and projected am-
plification of water cycle extremes in California (Yoon
et al. 2015b) may exacerbate groundwater depletion.
Using diagnostic approaches, this study represents a
preliminary investigation of likely climatic factors in the
drought—groundwater relationship.

2. Data and methods
a. Data

Depicting drought in the state of California can be
complicated owing to its terrain and associated snow
hydrology. The Palmer drought severity index (PDSI;
Dai 2013) has been the most widely used metric for
drought depiction and is the front-page indication of
drought status in the U.S. Drought Portal (www.drought.
gov). Here, we utilized the PDSI data produced by the
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Parameter-Elevation Regressions on Independent Slopes
Model (PRISM) with a 4-km resolution (http:/prism.
nacse.org/). However, the PDSI could be problematic in
the western United States in that it does not account for
time lags introduced by snow accumulation and, as a re-
sult, may handle California’s snow cycle poorly. Thus,
we adopted additional measures of drought by using
the Climate Prediction Center (CPC) model-calculated
monthly soil moisture water height equivalents (hereafter
soil moisture) at 0.5° grid spacing (http://www.esrl.noaa.
gov/psd/data/gridded/data.cpcsoil.html) and the Climatic
Research Unit (CRU) Time-Series, version 3.21 (TS3.21),
gridded precipitation and temperature data (http://www.
cru.uca.ac.uk/data). All these gridded data were averaged
in the Central Valley, defined as elevations lower than
1000 m (Fig. 1a).

For the estimation of groundwater storage, we utilized
the level-3 GRACE data of monthly liquid water equiv-
alent thickness (LWET) provided by NASA GRACE
Tellus (http://grace.jpl.nasa.gov/; Landerer and Swenson
2012). The GRACE twin satellites detect gravity changes
and use them to measure variations in water stored at
all levels above and within the land surface; this mea-
surement indicates terrestrial water storage change. The
GRACE-derived LWET (hereafter LWET) was aver-
aged within the Central Valley. Although the Central
Valley has a smaller areal extent than the GRACE
footprint, previous studies (Famiglietti et al. 2011;
Scanlon et al. 2012; Anderson et al. 2015) have shown
that GRACE-derived groundwater storage change is
in agreement with the well data within the valley. We
note that the LWET signal may not completely reflect
groundwater since the signal leakage cffect coming
from proximity of the Sierra Mountains (i.c., snow, soil
moisture, and surface water) was not removed.

Groundwater level measured by wells within the
Central Valley was obtained from two sources: the U.S.
Geological Survey (USGS; http://waterdata.usgs.gov/
nwis) and the California Department of Water Re-
sources (DWR; http://www.water.ca.gov/). We used
467 wells as indicated in Fig. 1a; these are wells that pro-
vide observations in any month during the September—
December period with at least 15 years of data. The
available data length of each well is plotted as horizontal
lines in Fig. S1 of the supplemental material, and the nu-
merous data gaps reflect the well-known problem that
groundwater observations in the Central Valley are in-
homogeneous and discontinuous (Kennedy 2014). To
form long-term time series of groundwater level, one
needs to combine these well data; to do so, groundwater
level of each well was first standardized (within +1) and
then averaged across all wells to form a single time se-
ries. This procedure eliminates the difference and
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F1G. 1. (a) Topography of California that outlines the Central Valley (<2300 m) overlaid with the 497 wells
analyzed, obtained from USGS (black dots) and California DWR (red dots). (b) Long-term monthly distribution of
LWET (bluc) and soil moisture (red) averaged in the Central Valley, while the low scason of September

December is highlighted.

locality of well levels. As shown in Fig. S1, we conducted a
sensitivity test for different parts of the Central Valley:
north, central, and south (discussed later). Groundwater
level fluctuation is considered uniform throughout the
valley despite the limited number of wells after the year
2000. Additional water use data referred to in the text
were provided by the USGS (http://waterdata.usgs.gov/
ca/nwis/water_usc/).

b. Methods

To understand the cause and effect of the Central
Valley’s groundwater problem and to help visualize the
temporal change and areal extent from which the
problem is derived, we first used the Pearson correlation
and cross correlation. Correlation is a simple and direct
way to understand the relationship between two vari-
ables and associated change, while cross (lagged) cor-
relation provides an effective measure to establish the
similarity of two variables as a function of the time lag
of one relative to the other. For the purpose of exam-
ining the time—frequency distribution of drought and
groundwater, that is, how the variation changes over
time, as well as further validation of correlation analysis,
we conducted the wavelet power spectrum analysis fol-
lowing the derivation of Torrence and Compo (1998).
The wavelet coefficients yield information about the
correlation between the wavelet (spectral power) and

the data array (at a particular data point). To verify
lagged correlations, we utilized the wavelet transform
coherence (WTC) for analyzing the coherence and
phase lag between two time series as a function of both
time and frequency. The WTC analysis is based on the
continuous wavelet transform developed by Grinsted
et al. (2004) for geophysical time series. Significance
test was performed by using the Monte Carlo method
(i.e., adding random noise to the two signals and re-
peating this 1000 times) to calculate the 95% confi-
dence interval about the “true” phase difference.

3. Results

In the California Central Valley, groundwater
undergoes a pronounced annual cycle that peaks in
March and reaches minimum in November, as is dis-
played in Fig. 1b by the long-term LWET data. Re-
charge begins in November, at the start of the rainy
season, and typically lasts until March. Soil moisture in
the Central Valley exhibits an annual cycle similar to
LWET (Fig. 1b). Based upon this annual cycle, the period
of September—December appears to be the low season of
groundwater level. Thus, we divided the year into three
different scasons (January—April, May-August, and
September-December) and computed the cross correla-
tions between the PDSI and LWET averaged over the
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F1G. 2. (a) Cross corrclations between PDSI and LWET over the
Central Valley for cach 4-month scason as indicated in the legend.
The gray line indicates the 99% confidence level; the red arrow in-
dicates the significant lagged corrclation in the September
December scason. (b) As in (a), but for soil moisture and LWE'T.
(c) Point-to-point corrclations between the September-December
PDSI and LWET in the following year. Only valucs that arc above
the 99% confidence level are plotted.
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Central Valley during 2002-14. As shown in Fig. 2a, the
September—December period is the only season whose
correlations are significant both at the current year
(year 0) and at a 1-yr lag (year +1), suggesting a pro-
longing effect of meteorological drought on groundwater.
It could mean that groundwater decline in autumn is
maintained over a 2-yr period that persists approximately
one full year after drought has occurred (or seized). A
similar pattern in the correlations is observed between
soil moisture and LWET (Fig. 2b) as well as precipitation
(not shown), which lends support to the prolonging effect
of drought on groundwater depletion. We also computed
the point-to-point correlation between the grid-scale PDSI
(year 0) and LWET (year +1) to delineate the geo-
graphical distribution of this year +1 correlation, using
the September—December data. As shown in Fig. 2c,
significant correlations encompass the Central Valley
and extend into Nevada, southeastern Oregon, and
northwestern Arizona. This regional extent of year +1
correlations suggests that the occurrence of drought
affecting the Central Valley is associated with a larger-
scale climate pattern beyond the state of California.

Of further relevance, prior to the twenty-first century
the 1-yr lag in the drought-groundwater correlation was
not apparent: Fig. 3a presents evidence from wells in the
Central Valley by computing correlations for a series of
sliding, trailing 15-yr windows between PDSI (year 0)
and groundwater level (year +1), based on September—
December (hereafter “sliding correlations™). Actual
time series of PDSI and groundwater level are displayed
in Fig. 4a for visual inspection. The contemporaneous
(year 0) correlations are rather stable and remain mar-
ginally significant throughout the analysis period, as
expected. By comparison, the lagged (year +1) corre-
lations increase drastically and become significant (p <
0.01) at the beginning of the twenty-first century. Prior
to that, the year +1 correlations are insignificant, sug-
gesting that the situation of protracted groundwater
decline a full year after drought was not the case. A
similar analysis using soil moisture (Fig. 3b) obtained
the same conclusion, that the year +1 correlations have
increased prominently since 2005. This strengthened
effect of drought in prolonging groundwater deple-
tion was previously undocumented. The cause of such
a change in lagged correlations is manifold and we
acknowledge that a lot of factors that are involved in
water management could obscure the relationship be-
tween drought and groundwater; these are addressed
in section 4.

We tested the significance for the difference in the
sliding correlations by applying a bootstrapping
scheme with 500 pairs of correlated white noise time
series, following Gershunov et al. (2001); the test result
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F16. 3. (a) Sliding correlations between the Central Valley PDSI and the groundwater level
(GW) in the following year (year +1; blue solid linc) and in the same year (ycar 0; black dashed
linc), computed with a 15-yr running window (one sided). The LWET corrclations with PDSI
arc indicated by thick circles for 2002-14. Gray horizontal lines indicate the 99% confidence
level. (b) Asin (a), but for soil moisture (SM) and GW. (¢) Sliding correlations (no lag) betwcen
the PDSI and SM (green line), precipitation P (blue line), and surfacc air temperature 7" (red
linc) within the Central Valley using a centered, 15-yr running window.

indicates a significant post-2005 difference at p < 0.01.
We also examined the sliding correlations using various
window sizes from 10 to 20 years, and those too yielded
consistent results (not shown). In terms of geographical
difference, we computed these correlations from each
subregion of the Central Valley as indicated in the sup-
plemental material. The result as shown in Fig. 81 suggests
that the correlations are not sensitive to the region we
selected (though the southern Central Valley exhibits a

lower year +1 correlation in recent years). Moreover, the
LWET-PDSI correlations for the 2002-14 period (in-
dicated by open circles in Fig. 3a) align with the well data
analysis, and this agreement suggests that any poten-
tial bias that resulted from the signal leakage effect of
GRACE within the Central Valley is minimal.

Since groundwater depletion in semiarid areas such as
the Central Valley is largely controlled by soil moisture
storage change (Rodell et al. 2007; Long et al. 2013), the
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dashed linc), and GW (blue linc) from 1960 to 2014. (b) Wavclet spectrum of the PDSI using
the Morlet parameter-6 approach, in which the contour levels are chosen so that 75%, 50%,
25%, and 5% of the wavelet power arc above cach level. (c) Wavelet coherency (shading) and
phasc (vectors) between the PDSI and GW. Vectors pointing to the right indicate a quarter
phasc. The cone of influence and the 95% confidence level based on red noisc are hatched/
contoured.

expectation is that groundwater storage, soil moisture,
and drought occurrence would be highly correlated
(Famiglietti et al. 2011; Castle et al. 2014). Figure 3c
reflects such a process through the computation of
sliding correlations between PDSI and soil moisture,
precipitation, and surface air temperature within the

Central Valley. The PDSI shows a weak association with
precipitation and temperature, although the correla-
tions with precipitation have increased after 1980 (yet
insignificant). The PDSI’s correlation with soil mois-
ture has been significant and consistently high (~0.9)
throughout the past 65 years. Therefore, it is possible
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that the prolonging effect of drought and low soil
moisture on groundwater level has increased. This notion
echoes recent observations (AghaKouchak et al. 2014a;
Griffin and Anchukaitis 2014; Diffenbaugh et al. 2015)
that long-term warming during the recent decades and
the record high temperature in summer can aggravate
drought severity through increased evapotranspiration
(Anderson et al. 2015), which furthers the reduction in
soil moisture. Enhanced high pressure anomaly over the
West Coast that was linked to increased anthropogenic
warming (Wang et al. 2014; Diffenbaugh et al. 2015) also
contributes to the lengthening of dry/warm days, which
helps increase evaporation from the soils.

To illustrate the history of drought variability expe-
rienced in the Central Valley, Fig. 4a shows the
September—December PDSI alongside the groundwater
well levels and LWET. The low-frequency variability
in all these datasets is discernable. It appears that the
tendency for any drought to last longer than 2 years has
become more pronounced. The changing drought fre-
quency was assessed using the wavelet spectral analysis
(Torrence and Compo 1998) of the PDSI, and the result is
shown in Fig. 4b. Since the late 1990s, spectral power
within the 4-6-yr frequency undergoes considerable am-
plification. The effect of this amplified drought variation
on groundwater was examined by computing the wavelet
spectral coherency between PDSI and groundwater level
using the formulation derived by Grinsted et al. (2004).
As shown in Fig. 4c, significant coherency between the
two variables in the 4-6-yr frequency appears after 1995
with a phase difference of (vector pointing toward) 75%
this phase difference amounts to a time lag of 1 year
within a 4-6-yr “cycle,” lending support to the increased
year +1 correlations presented in Fig. 3a.

Noteworthy is the 1980-95 period when the Central
Valley experienced a lower-frequency climate fluctua-
tion in the 10-16-yr time scale (Fig. 4b) in which the
depletion of groundwater lags drought by certain years
(Fig. 4a). Previous research has reported an energetic
10-20-yr (or quasi decadal) oscillation in the western
United States, and its signal is especially pronounced in
Northern California (Wang et al. 2009; St. George and
Ault 2011). As is shown in Fig. 4c, the 50° phase differ-
ence within the significant 10-16-yr coherency indicates a
time lag of about 2-3 years. Consequently, the prolonging
effect of drought on groundwater depletion during this
time period is not revealed as strongly from the year +1
correlations in Fig. 3a.

4. Discussion

What are the possible causes for the recent increase
in the lagged correlations between the PDSI and

ET AL. 953
groundwater level in the Central Valley? In terms of
climatic factors, there is a tendency that drought con-
ditions in California have become increasingly more
intense and lasted longer (Cayan et al. 2010; MacDonald
2010; Diffenbaugh et al. 2015). Previous studies (Wang
et al. 2009; Cayan et al. 2010; Seager and Vecchi 2010)
have noted an intensification in the low-frequency
drought variation across the western United States,
echoing the result shown in Fig. 4. Recent studies (Wang
et al. 2015; Yoon et al. 2015b) linked this intensified
drought variation with strong ENSO events that mod-
ulate California’s climate not only through the warm
and cold phases but also their precursor patterns. Us-
ing large-member ensemble simulations, Yoon et al.
(2015a) found a large increase specifically in the 4-6-yr
spectral coherency shared by the El Nifio—La Nifia cycle
and California’s precipitation, vegetation index, and
fire probability and attributed such a change to an in-
creased association with the El Nifio-La Nina tele-
connections. To put these results into the context of this
study, we adopted from Yoon et al. (2015a) the power
spectrum of California’s winter precipitation simulated by
the Community Earth System Model, version 1 (CESM1),
Large Ensemble Community Project, which is displayed
in Fig. S2a. The result indicates a prominent increase in
the variation of the 4-6-yr frequency. Likewise, Fig. S2b
shows the spectral coherency of the precipitation with
the ENSO cycle (represented by the Nifio-3.4 index), and
it too suggests a strengthened relationship in the same
4-6-yr frequency. This additional result is supportive of
the 4-6-yr wavelet coherency between the PDSI and
groundwater in the Central Valley observed in Fig. 4c, as
well as their phase lag of 1 year.

In terms of local effects, the 2014 drought induced
heat waves that resulted in the first half of the year being
the hottest in 120 years of state record (James 2014);
this subsequently exacerbated the drought situation
and, according to the observations by Bertoldi et al.
(1991) and Anderson et al. (2015), would prompt further
withdrawal from the aquifer. Changes to surface water
deliveries could very well affect the correlations dis-
cussed, yet there have been indications that they are not
the leading cause for the increase in year +1 correla-
tions. For instance, by focusing on the Colorado River
basin, Famiglictti (2014) noted a disconnect between
reservoir storage and groundwater level while stating
that ““the steepest rate of groundwater storage decline
(in the upper Basin in 2013) follows exceptional drought
conditions in 2012 and record low Rocky Mountain
snowpack.” While it is expected that low snowpack
affects surface water availability and thus tends to
promote groundwater pumping, the notion in Famiglietti
(2014) (alongside his Fig. 3) suggests that drought is the
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leading contributor to groundwater behavior, rather
than changes in reservoir storage. If this idea is ap-
plied to California, it would imply that drought is the
leading cause for the change in year +1 correlations
since the 2000s rather than the change in reservoir
storage. Meanwhile, it is also possible that existing
waler management practices in surface water re-
sources, nonlocal water supplies, river flow control,
reclamation, changes in usage, etc. could complicate
the relationship between drought and groundwater
level. Given that groundwater is unregulated and has
been mined indiscriminately during this prolonged
drought, some of the findings as presented here may
be tempered.

In the context of climate change, since the CESM1
simulation of the changing association between ENSO
cycle and California’s precipitation as shown in Fig. S2
was derived from a higher representative concentration
pathway (RCP8.5) of anthropogenic greenhouse gases,
the amplification in the drought variation and the asso-
ciated protraction of groundwater depletion is likely to
continue. Further research is necessary to comprehen-
sively understand the climate and hydrological link-
ages that manifest in the groundwater response to the
changing frequencies of drought.

5. Conclusions

We present evidence that, since the beginning of the
twenty-first century, groundwater levels in the Central
Valley have tended to decline not only in response to
drought conditions of the same year but also in the fol-
lowing year. In addition to the climatic factors outlined
earlier, the reported long-term increase in groundwater
withdrawal could play a role. Undeniably, the accelerated
depletion in groundwater is linked to increased with-
drawal (Famiglictti et al. 2011; Scanlon et al. 2012;
Famiglietti 2014) and the drilling boom since 2014 is yet
another compelling piece of evidence. However, quanti-
fying the role of human withdrawal of groundwater is
difficult because of the lack of reliable data. Performing
land surface modeling with irrigation fluxes by utilizing
GRACE groundwater storage estimate, as was recently
done by Anderson ct al. (2015), may offer a clue. None-
theless, the present analysis for the Central Valley points
to the fact that the effects of drought are becoming
overarching and can be enduring. Despite changing water
use habits, the water table continues to drop while
drought becomes longer and more severe.

As of January 2016, an El Nifio has fully developed
and an alert was announced by the NOAA CPC (http:/
www.cpe.ncep.noaa.gov/products/analysis_monitoring/
enso_advisory/). This El Nifio, if it persists through
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spring 2016 (as it is being predicted to), could enhance
precipitation in California and bring some reliel to
the current drought conditions. However, the analysis
presented here suggests that, even in the face of some
drought recovery, groundwater depletion in the Central
Valley will likely continue into late 2016, resulting in
further reduction in groundwater level. The ground-
water table in the Central Valley has been declining to
such a degree that it requires a deeper understanding of
the temporal dynamics of drought, their dependence on
regional climate variability and change, and their im-
plications for water demand and use in all forms.
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