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California’s Central Valley covers about 52,000 square kilometers (km?) and is
one of the most productive agricultural regions in the world. More than 250
different crops are grown in the broad alluvial filled structural trough, with an
estimated value exceeding $20 billion per year (Faunt 2009) (Figure 1). Central
Valley agriculture depends on state and federal water systems that divert surface
water, predominantly originating from Sierra Nevada snowmelt, to agricultural
fields. Because the valley is semi-arid and the availability of surface water varies
substantially from year to year, season to season, and from north to south, agri-
culture, as it grew, developed a reliance on groundwater for irrigation.

The extensive withdrawal of groundwater caused water levels to decline on the
west side of the southern two-thirds of the Central Valley, also known as the
San Joaquin Valley. Long-term groundwater-level declines resulted in a one-time
release of “water of compaction” from compacting fine-grained deposits, which
caused land subsidence (Galloway et al. 1999). More than half of the thickness of
the Central Valley aquifer system is composed of fine-grained sediments, includ-
ing clays, silts, and sandy or silty clays (Williamson et al. 1989; Faunt 2009), that
are susceptible to compaction if depressurized by groundwater pumping. Land
subsidence in the Central Valley from groundwater pumping began in the mid-
1920s, and by 1970 about half of the San Joaquin Valley, or about 13,500 km?,
had subsided more than 0.3 meters (m) (Poland et al. 1975). Locally, magnitudes
reached 9 m by the early 1980s (Ireland 1986).

Partially in response to these groundwater-level declines and associated subsid-
ence, an extensive surface-water delivery system was developed to redistribute
some of the water from north to south and east to west. Surface-water imports
from the Delta-Mendota Canal (DMC) since the early 1950s and the California
Aqueduct since the early 1970s resulted in decreased groundwater pumping in
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Figure 1 Map showing compaction and land subsidence measurements during current drought (2012-2015) from extensometers and
continuous global positioning system, respectively, estimated subsidence derived from InSAR interferograms for 2008-2010 from previ-
ous drought, and historical subsidence (before 1980). In addition, locations of major surface water conveyance features and glaciated

and non-glaciated alluvial fan extents are shown (modified from Weissmann et al. 2005).
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some parts of the valley, which was accompanied by a steady recovery of water
levels and a reduced rate of compaction (Ireland 1986).

This essay describes more recent changes in water availability and competition for
water in the Central Valley and evaluates the influence that climate variability and
human action has on subsidence, particularly during the most recent drought peri-
ods. The hydrology of the present-day Central Valley is driven by surface-water
deliveries and associated groundwater pumpage, which in turn reflect the spatial
and temporal variability in climate, water availability, and land use. Climate vari-
ability has had profound effects on the Central Valley hydrologic system. During
droughts, surface water is less available, and groundwater pumpage increases.
For example, the diminished availability of surface water during the droughts of
1976-1977 and 1987-1992, reversed the overall trend of groundwater-level recov-
ery and re-initiated land subsidence in the San Joaquin Valley. Following each of
these droughts, recovery to pre-drought water levels was rapid and compaction
virtually ceased (Swanson 1998; Galloway et al. 1999).

Since the early 1990s, the availability of surface water has also decreased because
of operational changes of the federal Central Valley Project and the California
State Water Project. Although irrigation has become more efficient, since 2000,
land use in the Central Valley has trended toward the planting of permanent crops
(vineyards and orchards), replacing non-permanent land uses such as rangeland,
field crops, or row crops. This has the effect of “demand hardening,” which refers
to the need for stable water supplies to irrigate crops that cannot be fallowed.

During the more recent droughts of 2007-2010 and 2012-present, groundwater
pumping has again increased. This results from a combination of factors including
less surface water availability—especially during droughts—and land-use changes.
The increased pumping has re-initiated subsidence. The spatially variable sub-
sidence has changed the land-surface slope and caused operational, maintenance,
and construction-design problems for water-delivery and flood-control canals
(Sneed et al. 2013) as well as other infrastructure (LSCE et al. 2014).

To help explain the variability in location and magnitude of land subsidence, we
examined water-level measurements retrieved from U.S. Geological Survey (USGS)
and California Department of Water Resources (CDWR) databases. According to
the CDWR databases, groundwater levels in 55% of the long-term wells (1,718 of
3,124) in the San Joaquin Valley and 36% of the long-term wells (216 of 599)
in the Sacramento Valley are at or below the historical spring low levels in 2015
(CDWR 2015). The San Joaquin Valley has many areas where recent groundwater
levels are more than 100 feet (ft) below previous historical lows. These corre-
spond to areas of recent subsidence. Figure 2 shows an example of the correlation
between groundwater levels and land subsidence.
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In addition to varying with groundwater levels, the magnitude and rate of subsid-
ence also varies based on geologic materials and consolidation history. We com-
pared the extent of land subsidence with the extent of fluvial fans from the Sierra
Nevada (Weissmann et al. 2005) (Figure 1). In general, the sediments from the
Coast Ranges and the non-glaciated fluvial fans from the Sierra Nevada are fine-
grained and easily compacted, resulting in high rates of subsidence. Conversely,
the upper reaches of the Central Valley’s large drainage area are dominated by
more coarsely grained glaciated fluvial fans, and have much lower rates of subsid-
ence (Figure 1).

To determine the location, extent, and magnitude of land subsidence during the
last 3 years of the 2007-2010 drought, we used Interferometric Synthetic Aperture
Radar (InSAR), continuous Global Positioning System (CGPS), and extensom-
eter (an instrument for measuring the deformation) data to estimate subsidence.
Subsidence maps based on analysis of InSAR images from the European Space
Agency’s ENVISAT satellite and the Japan Aerospace Exploration Agency’s ALOS
satellite acquired between 2008 and 2010 indicated 50 to 540 millimeters (mm)
of subsidence in two large agriculturally dominated areas in the San Joaquin
Valley (Figure 1). One area is centred near the town of El Nido (2,100km?) and
the other near the town of Pixley (5,500 km?2; Figure 1). InSAR, extensometer, and
CGPS data collected during 2007-2015 were used to generate land subsidence
time series. CGPS confirmed the InSAR-derived rates and generally indicated that
these rates continued or accelerated through summer 2015 (Figures 1 and 2). It is
important to note that large areas of recent subsidence in the San Joaquin Valley
(LSCE et al. 2014) do not have continuous GPS or extensometers in the areas of
maximum subsidence found during 2008-2010 (Figure 1). The period 2008-2010
is shown in Figure 1 because suitable InSAR data were not available for 2010-
2014. However, Farr et al. (2015) used InSAR and estimated about 0.35m (about
0.5m per year) of subsidence between May 2014 and January 2015, in the third
year of California’s ongoing severe drought.

Comparisons of historical (Williamson et al. 1989) with recent subsidence pat-
terns reveal that while subsidence has decreased in some areas, it has continued
or increased in others (Figure 1). First, subsidence along the western San Joaquin
Valley has decreased in size and magnitude. Second, subsidence around Pixley has
continued. In this area, groundwater levels declined to near or below historical
lows during 2007-2010 and 2012-2015. Third, subsidence has strongly increased
in the El Nido area. This area had the largest subsidence magnitude in the San
Joaquin Valley during 2007-2015, and, similar to the Pixley area, groundwater
levels declined to near or below historical lows during 2007-2010 and 2012-2015.
The Pixley area is more extensive than the El Nido subsidence area, but subsided
at a slower rate during 2007-2015. Unfortunately, the most northern and southern
historical subsidence areas were not analysed with InSAR (Figure 1). Recent exten-
someter and CGPS data in the northern area in the Sacramento Valley indicate
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Figure 2 Graph showing vertical displacement at a selected GPS station and depth to water in a
nearby well for 2004-2015 (see Figure 1 for location)

that this area has experienced recent subsidence. In the southernmost part of the
Central Valley, no data available to indicate whether or not this area has recently
subsided.

The comprehensive spatial coverage provided by the InSAR data allows for the
delineation of the location and extent of areas of maximum subsidence: continu-
ous CGPS and extensometer measurements at specific locations show monthly,
seasonal, and inter-annual variations in subsidence rates: both types of data are
needed to understand the mechanisms that underlie the spatial subsidence patterns
and model subsidence under different water-management scenarios. For example,
vertical displacement at CGPS station P304 (Figure 1) near El Nido indicates that
most subsidence occurred during drought periods, and very little occurred between
drought periods (Figure 2). This area received surface water when it was available
between drought periods. In contrast, vertical displacement at two other CGPS
stations, where limited surface water was available, indicated subsidence at fairly
consistent rates during and between drought periods (not shown). In general,
high rates of subsidence are associated with the increased groundwater extraction
needed to support more water-intensive land uses in areas where surface water
supplies are limited. This includes planting of permanent crops that require year-
round irrigation during dry and wet seasons and years (USDA 2000-2013).

To provide information to stakeholders addressing these issues, the USGS devel-
oped the Central Valley Hydrologic Model (CVHM) that accounts for integrated,
variable water supply and demand, and simulates surface-water and groundwater
flow across the entire Central Valley (Faunt 2009). Specifically, the CVHM simu-
lates the integrated hydrologic system, irrigated agriculture, land subsidence, and
other key processes on a monthly basis. CVHM was developed at scales relevant
to water management decisions for the entire Central Valley aquifer system.
Recently, this model was extended through 2013. In part, it was extended to
simulate the effect on subsidence of surface-water delivery and land-use changes,
managed aquifer recharge, and the recent droughts.

5 http://dx.doi.org/10.15447/sfews.2015v13iss3art4
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Since the majority of the surface water delivery system has been in place, the
CVHM simulates that on average about 40% of the water supply of the Central
Valley has come from groundwater (ranging from about 30% during wet years to
70% during dry years). During the recent drought (2012-present), more wells have
been drilled, and groundwater is used to meet about 70% of the water demand.
The groundwater proportion would be expected to increase if less surface water
is available in future years, particularly given the increase in permanent crops.

Over time, the extra pumping has stressed the aquifer, which for decades has had
an overall loss in storage. The Central Valley has been depleted by about 1.85 km3
per year on average since 1960 (Faunt et al. 2009), and has been depleted about
twice this rate during the current drought (Figure 3). If dry conditions persist, this
rate is likely to increase. However, under legislation passed in 2014, the California
Sustainable Groundwater Management Act (SGMA) requires basins to reach sus-
tainable yield. The SGMA recognizes that groundwater is best managed at the
local or regional level because of local geographic, geologic, and hydrologic dif-
ferences. The goal of this legislation is reliable groundwater management, which
is defined as “the management and use of groundwater in a manner that can be
maintained during the planning and implementation horizon without causing
undesirable results” (CDWR 2015). To meet these requirements, dramatic changes
will need to be made.

Water agencies are already working on some new projects to increase the water
in storage. Projects that have been used for a number of years, but are expanding
in popularity, are managed aquifer recharge. Most of the surface-water impound-
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ments are located on alluvial fans of the glaciated portions of the Sierra Nevada.
These fans consist of sandy sediments that are highly permeable and, therefore,
are well suited for surficial recharge (spreading) and later recovery (withdrawal)
by high-capacity wells. In general, recharge and recovery data corresponded with
climatic wet and dry periods. Although these projects are putting large amounts
of water in storage, other projects may be needed to either increase recharge or
decrease use to meet SGMA.

Planning for the effects of continued land subsidence in the area will be impor-
tant for water agencies. As land use, managed aquifer recharge, and surface-water
availability continue to vary, long-term groundwater-level and land-subsidence
monitoring and modelling are critical to understanding the dynamics of the
integrated system. Modeling tools, such as the CVHM, can be used to evaluate
management strategies to mitigate adverse effects from subsidence while also
optimizing water availability.
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