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Abstract
Land subsidence associated with groundwater-level 

declines has been investigated by the U.S. Geological Survey 
in the Coachella Valley, California, since 1996. Groundwater 
has been a major source of agricultural, municipal, and 
domestic supply in the valley since the early 1920s. Pumping 
of groundwater resulted in water-level declines as much 
as 15 meters (50 feet) through the late 1940s. In 1949, the 
importation of Colorado River water to the southern Coachella 
Valley began, resulting in a reduction in groundwater pumping 
and a recovery of water levels during the 1950s through the 
1970s. Since the late 1970s, demand for water in the valley 
has exceeded deliveries of imported surface water, resulting in 
increased pumping and associated groundwater-level declines 
and, consequently, an increase in the potential for land 
subsidence caused by aquifer-system compaction.

Global Positioning System (GPS) surveying and 
Interferometric Synthetic Aperture Radar (InSAR) methods 
were used to determine the location, extent, and magnitude 
of the vertical land-surface changes in the southern Coachella 
Valley during 1993–2010. The GPS measurements taken at 
11 geodetic monuments in 1996 and in 2010 in the southern 
Coachella Valley indicated that the elevation of the land 
surface changed –136 to –23 millimeters (mm) ±54 mm 
(–0.45 to –0.08 feet (ft) ±0.18 ft) during the 14-year period. 
Changes at 6 of the 11 monuments exceeded the maximum 
expected uncertainty of ±54 mm (±0.18 ft) at the 95-percent 
confidence level, indicating that subsidence occurred at 
these monuments between June 1996 and August 2010. GPS 
measurements taken at 17 geodetic monuments in 2005 and 
2010 indicated that the elevation of the land surface changed 
–256 to +16 mm ±28 mm (–0.84 to +0.05 ft ±0.09 ft) during 
the 5-year period. Changes at 5 of the 17 monuments exceeded 
the maximum expected uncertainty of ±28 mm (±0.09 ft) at 
the 95-percent confidence level, indicating that subsidence 
occurred at these monuments between August 2005 and 
August 2010. At each of these five monuments, subsidence 
rates were about the same between 2005 and 2010 as between 
2000 and 2005.

InSAR measurements taken between June 27, 1995, and 
September 19, 2010, indicated that the land surface subsided 
from about 220 to 600 mm (0.72 to 1.97 ft) in three areas of 
the Coachella Valley: near Palm Desert, Indian Wells, and 
La Quinta. In Palm Desert, the average subsidence rates 
increased from about 39 millimeters per year (mm/yr), or 
0.13 foot per year (ft/yr), during 1995–2000 to about  
45 mm/yr (0.15 ft/yr) during 2003–10. In Indian Wells, 
average subsidence rates for two subsidence maxima were 
fairly steady at about 34 and 26 mm/yr (0.11 and 0.09 ft/yr) 
during both periods; for the third maxima, average subsidence 
rates increased from about 14 to 19 mm/yr (0.05 to  
0.06 ft/yr) from the first to the second period. In La Quinta, 
average subsidence rates for five selected locations ranged 
from about 17 to 37 mm/yr (0.06 to 0.12 ft/yr) during 
1995–2000; three of the locations had similar rates during 
2003–mid-2009, while the other two locations had increased 
subsidence rates. Decreased subsidence rates were calculated 
throughout the La Quinta subsidence area during  
mid-2009–10, however, and uplift was observed during 2010 
near the southern extent of this area. 

Water-level measurements taken at wells near the 
subsiding monuments and in the three subsiding areas shown 
by InSAR generally indicated that the water levels fluctuated 
seasonally and declined annually from the early 1990s, or 
earlier, to 2010; some water levels in 2010 were at the lowest 
levels in their recorded histories. An exception to annually 
declining water levels in and near subsiding areas was 
observed beginning in mid-2009 in the La Quinta subsidence 
area, where recovering water levels coincided with increased 
recharge operations at the Thomas E. Levy Recharge Facility; 
decreased pumpage also could cause groundwater levels to 
recover. Subsidence concomitant with declining water levels 
and land-surface uplift concomitant with recovering water 
levels indicate that aquifer-system compaction could be 
causing subsidence. If the stresses imposed by the historically 
lowest water levels exceeded the preconsolidation stress, the 
aquifer-system compaction and associated land subsidence 
could be permanent. 

Land Subsidence, Groundwater Levels, and Geology in the 
Coachella Valley, California, 1993–2010

By Michelle Sneed, Justin T. Brandt, and Mike Solt 
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Introduction
Groundwater has been a major source of agricultural, 

municipal, and domestic water supply in Coachella Valley, 
California (fig. 1), since the early 1920s. Pumping of 
groundwater resulted in water-level declines as much as 
15 meters (m), or 50 feet (ft), between the early 1920s and 
late 1940s. In 1949, the importation of Colorado River water 
through the Coachella Canal, a branch of the All-American 
Canal, to the southern Coachella Valley began. As a result of 
the importation of surface water, pumping of groundwater 
decreased in the southern Coachella Valley during the 1950s 
through the 1970s, and water levels in some wells in the lower 
valley recovered as much as 15 m (50 ft). Since the late 1970s, 
however, the demand for water in the southern Coachella 
Valley has exceeded the deliveries of imported surface water, 
pumping has increased, and water levels have again declined. 
By 2010, water levels in many wells in the southern Coachella 
Valley had declined 15–30 m (50–100 ft), and water levels in 
some wells were at their lowest recorded levels. The Coachella 
Valley Water District (CVWD) is currently involved in 
several agreements and projects including the Quantification 
Settlement Agreement, tiered-rate structures, aquifer-recharge 
projects, and conversion from groundwater to surface water 
resources for (primarily) golf course irrigation through the 
Mid-Valley Pipeline Project, that could reduce reliance on the 
groundwater resource (Coachella Valley Water District, 2012). 
Continued monitoring could track the effect these agreements 
and projects have on groundwater levels. 

Declining water levels can contribute to or induce land 
subsidence in aquifer systems that consist of a substantial 
fraction of unconsolidated fine-grained sediments (silts 
and clays). Ikehara and others (1997) reported as much as 
150 millimeters (mm) ±90 mm (0.5 ft ±0.3 ft) of subsidence in 
the southern parts of the Coachella Valley between 1930 and 
1996. Land subsidence can disrupt surface drainage and water-
supply or flood-control conveyances; cause earth fissures; and 
damage wells, buildings, roads, and utility infrastructure. A 
large earth fissure was discovered in 1948 about 3 kilometers 
(km), or 2 miles (mi), north of Lake Cahuilla in La Quinta 
(unpublished field notes, Coachella Valley Water District, 
1948). Because subsidence had not been documented in the 
southern parts of the Coachella Valley prior to the report 
by Ikehara and others (1997), it is not known if this fissure 
formed in response to differential land subsidence during the 
earlier period (early 1920s–late 1940s) of groundwater-level 

declines. However, fissuring has recurred in this area (Clay 
Stevens, TerraPacific Consultants, Inc., written commun., 
2006). Subsidence-related earth fissures and reactivated 
surface faults have been identified in many other groundwater 
basins in the western United States (Holzer, 1984).

The CVWD works cooperatively with local stakeholders 
to manage the water supply for a large part of the Coachella 
Valley (fig. 1). Because of the potential for groundwater 
pumping to cause land subsidence, the CVWD entered into 
a cooperative agreement with the U.S. Geological Survey 
(USGS) to monitor vertical changes in land surface to 
determine if land was subsiding in the Coachella Valley. In 
1996, the USGS established a geodetic network of monuments 
to monitor vertical changes in land surface in the southern 
Coachella Valley by using Global Positioning System (GPS) 
surveys and to establish baseline values for comparisons 
with results of future surveys. This geodetic network can be 
surveyed periodically to determine the distribution and amount 
of land subsidence. Interferometric Synthetic Aperture Radar 
(InSAR) data collected since 1993 were used to detect and 
quantify land subsidence in areas distant from the geodetic 
monuments.

Purpose and Scope

The objectives of this study were to detect and quantify 
land subsidence in the southern Coachella Valley from 1993 
through 2010 by completing GPS surveys at the established 
geodetic network of monuments and by using InSAR data. 
For purposes of this report, the southern Coachella Valley 
represents the southern half of the Coachella Valley, which 
extends from the communities of Palm Desert, Indian 
Wells, Indio, and La Quinta on the north to the Salton Sea 
on the south (fig. 1). This report presents the results and 
interpretations of GPS data collected at the monuments in 
the monitoring network during surveys in 1996, 1998, 2000, 
2005, and 2010 and also of spatially detailed maps of vertical 
land-surface changes generated by using InSAR data collected 
between 1993 and 2010. The InSAR-generated maps extend 
from near Palm Desert to near the Salton Sea (fig. 1). Data 
showing groundwater-level changes from the early to mid-
1990s to 2010 were examined and compared with the GPS 
measurements and the InSAR-generated maps to determine 
if the vertical changes in land surface could be related to the 
changes in groundwater levels.
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Description of Study Area

The Coachella Valley is a 100-km (65-mi) long, 
northwest-trending valley in southeastern California (fig. 1). 
The valley covers about 1,000 square kilometers (km2), 

or 400 square miles (mi2; California Department of Water 
Resources, 1964) and includes the cities of Cathedral City, 
Desert Hot Springs, Indio, La Quinta, Palm Desert, Palm 
Springs, and Rancho Mirage, which are interspersed with 
about 125 golf courses. Agriculture and smaller urban centers, 
such as Coachella, Thermal, and Mecca, are prominent in 
the southern part of the valley. The valley is bordered by the 
San Jacinto and Santa Rosa Mountains on the west, the San 
Bernardino and the Little San Bernardino Mountains on the 
north, the Cottonwood Mountains and the Mecca Hills on the 
east, and the Salton Sea on the south (fig. 1). The Coachella 
Valley is drained primarily by the Whitewater River, which 
flows into the Whitewater Stormwater Channel and eventually 
discharges into the Salton Sea (fig. 1). Land-surface elevations 
vary from more than 70 m (230 ft) below sea level at the 
Salton Sea to more than 3,000 m (10,000 ft) above sea level at 
the peaks of the surrounding mountains.

The climate of the Coachella Valley floor is arid. Average 
annual rainfall ranges from less than 80 mm, or 3 inches (in), 
on the valley floor to more than 760 mm (30 in) on the crests 
of the mountains to the west and north of the valley (California 
Department of Water Resources, 1964). Temperatures range 
from about 50 °C (122 °F) on the valley floor in the summer to 
below 0 °C (32 °F) in the surrounding mountains in the winter.

Previous Land-Subsidence Studies

This study is the fifth in a series of Coachella Valley 
land-subsidence studies that have been completed by the 
USGS in cooperation with CVWD. Ikehara and others (1997) 
documented the development of the geodetic monitoring 
network and areas of possible land subsidence in Coachella 
Valley by comparing historical leveling measurements 
with GPS surveying measurements taken in 1996. The 
vertical changes in land surface between 1996 and the 
earliest historical leveling measurements at monuments 
in the monitoring network did not exceed 150 mm (0.5 ft; 
Ikehara and others, 1997). The uncertainty (±90 mm or 
±0.3 ft) of these calculated vertical changes in land surface 
is large because the historical leveling surveys were done at 
different times and, sometimes, by different agencies using 
different methods. Furthermore, the methods used for the 
leveling surveys had different accuracy standards, and the 
networks covered different geographic extents (Ikehara and 
others, 1997). Sneed and others (2001) reported that GPS 
measurements indicated small amounts of subsidence between 
1996 and 1998 at some monuments in the monitoring network. 
Sneed and others (2002) reported that GPS measurements 
indicated most monuments were fairly stable between 1998 
and 2000, although subsequent GPS data processing indicated 

small amounts of subsidence at some monuments (Sneed and 
Brandt, 2007). Sneed and Brandt (2007) reported that GPS 
measurements indicated that some monuments were fairly 
stable, while others subsided between 2000 and 2005. Sneed 
and others (2001, 2002) and Sneed and Brandt (2007) also 
used InSAR to detect and quantify land subsidence throughout 
much of the Coachella Valley. InSAR measurements taken 
between 1996 and 2005 indicated as much as 330 mm (1.08 ft) 
of land subsidence in areas near Palm Desert, Indian Wells, 
and La Quinta (Sneed and others, 2001, 2002; Sneed and 
Brandt, 2007).

Tectonic and Hydrogeologic Setting
The Coachella Valley is the northernmost extent of 

the Salton Trough, which is the landward extension of the 
spreading-ridge/transform-fault complex of the Gulf of 
California segment of the East Pacific Rise (Sylvester and 
Smith, 1976; Fuis and Mooney, 1990; McKibben, 1993). 
Near the end of the Miocene, a spreading center separating 
the western Farallon plate from the eastern Pacific plate was 
obliquely subducted under the North American continent 
(Atwater, 1970; McKibben, 1993). The modern Gulf of 
California and the Salton Trough formed about 12 million 
years ago, after subduction ceased, and when the formation 
of an inland belt of northwest to southeast crustal extension, 
alkali basalt volcanism, tectonic subsidence, and basin 
sedimentation began (Atwater, 1970; McKibben, 1993). Prior 
to about 6 million years ago, the shear zone constituting the 
principal tectonic boundary between the Pacific and North 
American plates appears to have shifted about 250 km 
(155 mi) inland into this belt, initiating the formation of the 
modern Gulf of California and the Salton Trough (Atwater, 
1970; McKibben, 1993). As the Salton Trough opened, it was 
filled with sediment from the delta of the Colorado River. 
The river has been building its delta from the east, into the 
trough, since about 5 million years ago, and sedimentation 
has apparently kept pace with the tectonic subsidence 
(McKibben, 1993). The relation between tectonic subsidence, 
which is on a geologic time scale, and land subsidence, caused 
by groundwater-level declines measured during this study, is 
unknown in the study area, although some efforts have been 
made to determine tectonically induced subsidence rates south 
of the study area (Meltzner and others, 2006; Crowell and 
others, 2013).

The Coachella Valley is filled with as much as 3,700 m 
(12,000 ft) of sediments; the upper 610 m (2,000 ft) constitute 
the aquifer system that is the primary source of groundwater 
supply (California Department of Water Resources, 1979). 
The aquifer system consists of a complex unconsolidated to 
partly consolidated assemblage of gravel, sand, silt, and clay 
of alluvial and lacustrine origins (fig. 2). Sediments tend to 
be finer grained (contain more silt and clay) in the southern 
part of the valley compared to the northern part because of the 
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greater distance from sediment source areas in the north and 
because of lacustrine deposition in the ancient Lake Cahuilla. 
In the southern Coachella Valley, the aquifer system consists 
of a semiperched zone that is fairly persistent southeast of 
Indio, an upper aquifer, a confining layer, and a lower aquifer. 
The general direction of groundwater flow is southeastward 
toward the Salton Sea (California Department of Water 
Resources, 1964, 1979).

The near-surface semiperched zone overlies the upper 
aquifer southeast of Indio and consists of silts, clays, and 
fine sand. The semiperched zone is as much as 30 m (100 ft) 
thick and generally is an effective barrier to deep percolation 
(California Department of Water Resources, 1964, 1979). 
The upper aquifer is present throughout the Coachella Valley 
and consists of unconsolidated and partly consolidated silty 

sands and gravels with interbeds of silt and clay. In general, 
the upper aquifer is 45–90 m (150–300 ft) thick. The aquifer 
is unconfined, except where it is overlain by the semiperched 
zone southeast of Indio. In the southern Coachella Valley, 
the upper aquifer is separated from the lower aquifer by a 
confining layer of silt and clay that is 30 to 60 m (100 to 
200 ft) thick. The lower aquifer is the most productive source 
of groundwater in the southern Coachella Valley; it consists of 
unconsolidated and partly consolidated silty sands and gravels 
with interbeds of silt and clay. The top of the lower aquifer 
is about 90 to 180 m (300 to 600 ft) below land surface. 
Available data indicate that the lower aquifer is at least 150 m 
(500 ft) thick and could be as much as 600 m (2,000 ft) thick 
(California Department of Water Resources, 1964, 1979). 

Map showing generalized geology of the Coachella Valley, California.
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Geologic structures in the Coachella Valley have a 
marked influence on the occurrence and movement of 
groundwater. The principal structural features of Coachella 
Valley are faults and fault-related drag and compressional 
folds. The most notable fault system is the northwest-
trending San Andreas fault zone that flanks the eastern side 
of the valley (fig. 2). Although movement within the San 
Andreas fault zone is predominantly right lateral (across the 
fault, movement is to the right), vertical displacement has 
downdropped the southwest block (California Department 
of Water Resources, 1964). The faults may have either 
juxtaposed consolidated rocks against partly consolidated 
or unconsolidated water-bearing deposits or displaced 
preferential flow paths in the partly consolidated or 
unconsolidated water-bearing deposits. This juxtaposition and 
displacement, in conjunction with cementation, compaction, 
and extreme deformation of water-bearing deposits adjacent 
to faults, can create low-permeability zones that can act as 
barriers to groundwater flow.

Mechanics of Pumping-Induced Land 
Subsidence

Land can subside as a result of groundwater pumping in 
valleys containing aquifer systems that are, at least in part, 
made up of fine-grained sediments and that have undergone 
extensive groundwater development (Poland, 1984). The 
pore structure of a sedimentary aquifer system is supported 
by the granular skeleton of the aquifer system and the pore-
fluid pressure of the groundwater that fills the intergranular 
pore space (Meinzer, 1928). When groundwater is withdrawn 
in quantities that result in reduced pore-fluid pressures 
and in water-level declines, the reduction of the pore-fluid 
pressure support increases the intergranular stress, or effective 
stress, on the skeleton. A change in effective stress deforms 
the skeleton: an increase in effective stress compresses it, 
and a decrease in effective stress causes it to expand. This 
deformation is sometimes inelastic (non-recoverable), 
resulting in vertical compaction of the aquifer system, a 
permanent reduction in aquifer-system storage capacity, and 
land subsidence. An aquifer-system skeleton that primarily 
consists of fine-grained sediments, such as silt and clay, is 
much more compressible than one that primarily consists of 
coarse-grained sediments, such as sand and gravel. Inelastic 
compaction of coarse-grained sediment generally is negligible 
(Ireland and others, 1984; Hanson, 1989; Sneed and Galloway, 
2000).

Aquifer-system deformation can be elastic (recoverable) 
if the effective stress imposed on the skeleton is less than 
any previous effective stress (Terzaghi, 1925). The greatest 
historical effective stress imposed on the aquifer system—
sometimes the result of the lowest groundwater level—is 
the “preconsolidation stress,” and the corresponding 
(lowest) groundwater level is the “preconsolidation head” 

(Leake and Prudic, 1991). If the effective stress exceeds the 
preconsolidation stress, the pore structure of the granular 
matrix of the fine-grained sediments is rearranged; this new 
configuration results in a reduction of pore volume and, thus, 
inelastic compaction of the aquifer system. Furthermore, the 
compressibility of the fine-grained sediments constituting 
the aquitards, and any resulting compaction under stresses 
exceeding the preconsolidation stress, is 20 to more 
than 100 times greater than under stresses less than the 
preconsolidation stress (Riley, 1998). 

This simple compaction model does not account 
for delayed drainage from low-permeability fine-grained 
sediments. For a developed aquifer system with an appreciable 
thickness of fine-grained sediments, a substantial part of 
the total compaction can be residual compaction (Sneed 
and Galloway, 2000). Residual compaction occurs in thick 
aquitards as heads in the thick aquitards equilibrate with heads 
in the surrounding aquifers (Terzaghi, 1925). Depending 
on the thickness and the vertical hydraulic diffusivity of 
a thick aquitard, fluid-pressure equilibration—and thus 
compaction—lags behind pressure (or hydraulic head) 
declines in the adjacent aquifers; concomitant compaction can 
require decades or centuries to approach completion. Thus, 
if the aquifer head declines below the previous lowest level 
for a relatively short period, the preconsolidation head in the 
aquitard is not necessarily reset to the new low value (Phillips 
and others, 2003). For a more complete description of aquifer-
system compaction, see Poland (1984); for a review on the 
history of the aquitard-drainage model, see Holzer (1998); 
and, for a review and selected case studies of land subsidence 
caused by aquifer-system compaction in the United States, see 
Galloway and others (1999).

Global Positioning System Surveys
GPS is a U.S. Department of Defense satellite-based 

navigation system designed to provide continuous worldwide 
positioning and navigation capability. For this study, GPS 
surveys were conducted to determine the three-dimensional 
position of monuments in the geodetic monitoring network. 
This network was established in 1996 by the USGS to measure 
changes in land-surface elevations at the monuments relative 
to the results of future surveys (Ikehara and others, 1997).

Land-Subsidence Monitoring Network 

The geodetic monitoring network, henceforth referred 
to as the land-subsidence monitoring network, consists of 
geodetic monuments used as GPS stations (fig. 3). Most 
geodetic monuments consist of flat metal disks that are 
anchored in the ground or to a structure and can be surveyed 
repeatedly. During the 1996 study by Ikehara and others 
(1997), historical data for monuments in the southern 
Coachella Valley were compiled and reviewed to determine 
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the location and the quality of the vertical-control data. 
Sources of the data include National Oceanic and Atmospheric 
Administration’s (NOAA) National Geodetic Survey 
(formerly the U.S. Coast and Geodetic Survey), the California 
Department of Transportation (Caltrans), the U.S. Bureau of 

Reclamation, and the CVWD (Ikehara and others, 1997). The 
geodetic monuments were examined before each of the GPS 
surveys in 1996, 1998, 2000, 2005, and 2010 to determine 
if any had been damaged or destroyed and to evaluate their 
suitability for GPS observations.
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The original subsidence monitoring network in 
the southern Coachella Valley was established in 1996 
and consisted of 17 geodetic monuments. The network 
was modified for the 1998 GPS survey by replacing two 
monuments that had been destroyed (D1299 Tie, or D12T, 
and Caltrans 14.3 Reset 1994, or C143) with two nearby 
monuments (G70 1928, or G70, and Caltrans 13.2 1986, 
or C132; fig. 3). The network was again modified for the 
2000 GPS survey because monument 54JA was horizontally 
unstable; the replacement monument (JA54) was installed 
about 6 m (20 ft) northwest of monument 54JA (fig. 3); data 
from both monuments were combined and are discussed 
together in the Global Positioning System results section. In 
addition, four new monuments—MAGF, MANI, OSDO, and 
DEEP—were constructed and added in the Palm Desert and 
Indian Wells areas for the 2000 GPS survey (fig. 3) because 
the InSAR maps processed for 1996–2000 showed subsidence 
in these areas (Sneed and others, 2001, 2002). The monument 
SWC had been destroyed by flooding in the Whitewater 
Stormwater Channel in early 2005 and, thus, could not be 
included in the 2005 survey (fig. 3). The network was modified 
and further expanded for the 2010 GPS survey. Modifications 
included replacing two monuments (S753 and C132) that had 
been destroyed. Monument VORO was used instead of S753, 
and monument IBOX was constructed near the destroyed 
C132 because suitable existing monuments were not available 
in the immediate area. Monument C427 was replaced with 
nearby monument TOR2 because a power pole next to 
C427 degraded the quality of GPS observations. Also, four 
monuments were added to the network (JEFF, 119.2, 116.8, 
and FREO) near the All-American Canal to enable GPS data 
collection in areas where surveying by the CVWD indicated 
subsidence. The spacing between the monuments met the 
generalized network design criterion established by Zilkoski 
and others (1997), which requires that the distance between 
local network points not exceed 10 km (6 mi).

Determination of Ellipsoid Heights

GPS measurements were taken at the geodetic 
monuments to determine their horizontal positions and 
ellipsoid heights. Ellipsoid height is the vertical distance 
above a geodetically defined reference ellipse; the ellipsoid 
that closely approximates the Earth’s shape in the study area 
is the North American Datum of 1983 (NAD83). Differences 
in ellipsoid-height between successive GPS surveys were 
computed and represented land-surface elevation changes at 
the monuments. The 1996, 1998, 2000, 2005, and 2010 GPS 
surveys generally followed established guidelines (Zilkoski 
and others, 1997), except that data from all five GPS surveys 
were processed with single-baseline, rather than multi-
baseline, software. Software used for the baseline and least-
squares adjustment computations was Trimble Geomatics 
Office, version 1.63.

Reviews of processing GPS survey data with the single-
baseline compared to the multi-baseline approach are given 
in Han and Rizos (1995) and Øvstdal (2000). For the multi-
baseline approach, only independent baselines are used in the 
least squares adjustment; for the single-baseline approach, 
dependent baselines can be used in addition to the independent 
baselines for the least squares adjustment. Different coordinate 
results are likely for different selections of the independent 
baselines, so dependent baselines were included to approach 
unique network coordinate values (Beutler and others, 1987; 
Beck and others, 1989; Hollmann and others, 1990; Craymer 
and Beck, 1992; and Han and Rizos, 1995). However, the use 
of dependent baselines for the least squares adjustment can 
cause the uncertainty statistics of the adjustment to appear 
better than they actually are by artificially increasing the 
redundancy in the model (Han and Rizos, 1995; Øvstdal, 
2000). To ensure that the uncertainty for the resulting 
network coordinate values were not overstated as a result 
of the inclusion of dependent baselines in the least square 
adjustments, the ellipsoid-height uncertainty at the 95-percent 
confidence interval for each survey was determined from the 
scatter of the differential height values determined from each 
baseline pair prior to the least-squares adjustment. In other 
words, for each survey, 95 percent of heights computed from 
repeatedly observed baselines used in the adjustment agreed 
within the uncertainty stated for each of the five surveys, 
which ranged from ±20 to ±50 mm (±0.07 to ±0.16 ft). The 
maximum expected uncertainty when comparing the results 
from two surveys was computed by using the uncertainty for 
each of the two surveys and applying the root sum of squares 
method. Other variations to the guidelines were specific to 
particular surveys and are described in the following sections. 

Global Positioning System Survey, 1996
GPS measurements for the 1996 survey were acquired 

by using 6 dual-frequency, half-wavelength P-code GPS 
receivers (Ashtech LD-XII and Ashtech MD-XII) and choke-
ring antennas (Dorne-Margolin) at 17 geodetic monuments 
between June 3 and 14, 1996, to determine horizontal 
positions and ellipsoid heights (Ikehara and others, 1997). 
For this survey, the duration of the GPS data acquisition 
was almost three times that specified by Zilkoski and others 
(1997) in order to compensate for using half-wavelength 
GPS receivers rather than the full-wavelength GPS receivers 
(Ikehara and others, 1997). GPS measurements were recorded 
at the 17 geodetic monuments on at least 2 different days 
during 2.5- to 3-hour observation periods (Ikehara and others, 
1997). “Network control stations” were designated around 
the perimeter of the monitoring network. Of the 17 geodetic 
monuments, 6 were network control stations—C101, CAHU, 
COCH, PAIN, D12T, and DUNE (fig. 3); GPS measurements 
were recorded at these 6 stations on 3 additional days during 
6-hour observation periods. 
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Determining the ellipsoid heights of the 17 geodetic 
monuments in the network involved 2 phases of least-
squares adjustments. During the first phase of least-squares 
adjustments, the horizontal coordinates and ellipsoid heights 
for the six Coachella Valley network control stations were 
determined by processing GPS measurements recorded at 
these stations with simultaneous measurements recorded at 
three Continuous Global Positioning System stations (DHLG, 
PIN1, and CRFP) in southern California (fig. 1) and by using 
precise satellite orbital data and accurate coordinates of the 
CGPS stations provided by the International GPS Service 
(IGS) and the Scripps Orbit and Permanent Array Center 
(SOPAC), respectively. The GPS observations of the CGPS 
stations were recorded at 30-second intervals and archived 
by SOPAC, a member of Southern California Integrated 
GPS Network. During the second phase of least-squares 
adjustments, the 6 Coachella Valley network control stations 
were fixed at the positions determined during the first phase, 
and the horizontal coordinates and ellipsoid heights of the 
remaining 11 monuments were calculated; the uncertainty of 
the ellipsoid heights was ±50 mm (±0.16 ft) at the 95-percent 
confidence level.

Global Positioning System Survey, 1998
GPS measurements for the 1998 survey were acquired by 

using 5 dual-frequency, full-wavelength P-code GPS receivers 
(Ashtech MD-XII) and choke-ring antennas (Dorne-Margolin) 
at 17 geodetic monuments between October 5 and 9, 1998, 
to determine horizontal positions and ellipsoid heights. GPS 
measurements were recorded at the 17 geodetic monuments 
on at least 2 different days during 45-minute observation 
periods. Of the 17 geodetic monuments, 5 were network 
control stations—COCH, CAHU, PAIN, C101, and G70 
(fig. 3); GPS measurements were recorded at these 5 stations 
on 3 additional days during 4.5-hour observation periods. 

Determining the ellipsoid heights of the 17 geodetic 
monuments in the network involved 2 phases of least-
squares adjustments. During the first phase of least-squares 
adjustments, horizontal coordinates and ellipsoid heights 
for the five Coachella Valley network control stations were 
determined by processing the GPS measurements recorded 
at these monuments with simultaneous measurements at 
three CGPS stations (DHLG, PIN1, and WIDC) in southern 
California (fig. 1) and by using precise satellite orbital data 
and accurate coordinates of the CGPS stations provided by 
IGS and SOPAC, respectively. The GPS observations of the 
CGPS stations were recorded at 30-second intervals and 
archived by SOPAC. During the second phase of least-squares 
adjustments, the 5 Coachella Valley network control stations 
were fixed at the positions determined during the first phase, 
and the horizontal coordinates and ellipsoid heights for the 
other 12 monuments were calculated; the uncertainty of the 
ellipsoid heights was ±20 mm (±0.07 ft) at the 95-percent 
confidence level.

Global Positioning System Survey, 2000
GPS measurements for the 2000 survey were acquired by 

using 6 dual-frequency, full-wavelength, P-code GPS receivers 
(5 Trimble 4000SSIs and 1 Trimble 4000SSE) and compact 
L1/L2 Trimble antennas (with ground plane) at 21 geodetic 
monuments between August 28 and September 1, 2000, to 
determine horizontal positions and ellipsoid heights. GPS 
measurements were recorded at the monuments on at least 
2 different days during 35-minute observation periods. Of the 
21 geodetic monuments, 6 were network control stations—
COCH, DEEP, CAHU, PAIN, C101, and G70 (fig. 3); GPS 
measurements were recorded at these 6 stations on 3 additional 
days during 5-hour observation periods. 

Determining the ellipsoid heights of the 21 geodetic 
monuments in the network involved 2 phases of least-
squares adjustments. During the first phase of least-squares 
adjustments, horizontal coordinates and ellipsoid heights of 
the six Coachella Valley network control monuments were 
determined by processing the GPS measurements recorded 
at these monuments with simultaneous measurements at the 
same three CGPS stations (DHLG, PIN1, and WIDC) used 
in processing the 1998 GPS survey data (fig. 1) and by using 
precise satellite orbital data and accurate coordinates of the 
CGPS stations provided by IGS and SOPAC, respectively. The 
observations at the CGPS stations were recorded at 30-second 
intervals and archived by SOPAC. During the second phase of 
least-squares adjustments, the 6 network control monuments 
were fixed at the positions determined during the first phase, 
and the horizontal coordinates and ellipsoid heights for the 
other 15 monuments were calculated; the uncertainty of the 
ellipsoid heights was ±30 mm (±0.10 ft) at the 95-percent 
confidence level.

Global Positioning System Survey, 2005
GPS measurements for the 2005 survey were acquired 

using 6 dual-frequency, full-wavelength, P-code GPS receivers 
(Topcon GB1000) and compact antennas with ground plane 
(Topcon PG-A1 Geodetic) at 20 geodetic monuments between 
August 15 and 19, 2005, to determine horizontal positions 
and ellipsoid heights. GPS measurements were recorded at 
the monuments on at least 2 different days during 1-hour 
observation periods. Of the 20 geodetic monuments, 6 were 
network control stations—COCH, DEEP, CAHU, PAIN, 
C101, and G70 (fig. 3); GPS measurements were recorded 
at these six stations on 3 additional days during 6.5-hour 
observation periods. 

Determining the ellipsoid heights of the 20 geodetic 
monuments in the network involved 2 phases of least-
squares adjustments. During the first phase of least-squares 
adjustments, horizontal coordinates and ellipsoid heights of 
the six Coachella Valley network control monuments were 
determined by processing the GPS measurements recorded 
at these monuments with simultaneous measurements at the 
same three CGPS stations (DHLG, PIN1, and WIDC) used in 
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the 1998 and 2000 GPS surveys and by using precise satellite 
orbital data and accurate coordinates of the CGPS stations 
provided by IGS and SOPAC, respectively. The measurements 
at the CGPS stations were recorded at 30 second intervals and 
archived by SOPAC. During the second phase of least-squares 
adjustments, the 6 network control stations were fixed at the 
positions determined during the first phase, and the horizontal 
coordinates and ellipsoid heights for the other 14 monuments 
were calculated; the uncertainty of the ellipsoid heights was 
±20 mm (±0.07 ft) at the 95-percent confidence level.

Global Positioning System Survey, 2010
GPS measurements for the 2010 survey were acquired 

using 7 dual-frequency, full-wavelength, P-code GPS receivers 
(Topcon GB1000) and compact antennas with ground plane 
(Topcon PG-A1 Geodetic) at 24 geodetic monuments between 
August 23 and 27, 2010, to determine horizontal positions 
and ellipsoid heights. GPS measurements were recorded at 
the monuments on at least 2 different days during 1-hour 
observation periods. Of the 24 geodetic monuments, 7 were 
network control stations—DUNE, COCH, DEEP, CAHU, 
PAIN, C101, and G70 (fig. 3); GPS measurements were 
recorded at these seven stations on 3 additional days during 
6.5-hour observation periods. 

Determining the ellipsoid heights of the 24 geodetic 
monuments in the network involved 2 phases of least-
squares adjustments. During the first phase of least-squares 
adjustments, horizontal coordinates and ellipsoid heights 
of the seven Coachella Valley network control monuments 
were determined by processing the GPS measurements taken 
at these monuments with simultaneous measurements at 
the same three CGPS stations (DHLG, PIN1, and WIDC) 
used in the 1998, 2000, and 2005 GPS surveys and by using 
precise satellite orbital data and accurate coordinates of the 
CGPS stations provided by IGS and SOPAC, respectively. 
The measurements at the CGPS stations were recorded at 
30 second intervals and archived by SOPAC. During the 
second phase of least-squares adjustments, the 7 network 
control monuments were fixed at the positions determined 
during the first phase, and the horizontal coordinates and 
ellipsoid heights for the other 17 monuments were calculated; 
the uncertainty of the ellipsoid heights was ±20 mm (±0.07 ft) 
at the 95-percent confidence level.

Global Positioning System Results

For each of the five GPS surveys, the horizontal 
coordinates and the ellipsoid heights of the monuments were 

compared to determine the magnitude of horizontal and 
vertical land-surface changes, respectively. The horizontal 
changes at the monuments were consistent with the northwest 
movement of the Pacific Plate with respect to the North 
American plate (Shen and others, 2003). The monument 
ellipsoid heights and their changes with respect to the first 
GPS measurement at each monument are tabulated in table 1 
and graphed as a function of time in figure 4; additionally, 
the monument ellipsoid-height changes for 1996–2010 and 
2005–10 are tabulated in table 1.

Differences in calculated ellipsoid heights at the 
11 geodetic monuments surveyed in 1996 and 2010 in the 
southern Coachella Valley indicated that the calculated 
ellipsoid heights at these monuments decreased 23–136 mm 
(0.08–0.45 ft; table 1; fig. 4). The maximum uncertainty 
expected for these calculated changes in ellipsoid heights 
was ±54 mm (±0.18 ft) at the 95-percent confidence level. 
Because changes at 6 of the 11 monuments (DUNE, R70R, 
CAHU, K572, C101, and P572) exceeded this, the land 
surface probably subsided at these monuments between June 
1996 and August 2010 (figs. 4A, 4F, 4J, 4N, 4P, 4R). Ellipsoid-
height changes at 5 of the 11 monuments (COCH, 5211, PAIN, 
JOHN, and K70) did not exceed the maximum expected 
uncertainty, which indicates that the vertical positions of these 
monuments were similar in June 1996 and in August 2010 
(figs. 4B, 4H, 4L, 4O, 4Q).

Differences in calculated ellipsoid heights at 
17 monuments surveyed in 2005 and 2010 indicated changes 
from –256 to +16 mm (–0.84 to +0.05 ft) during this 5-year 
period (table 1; fig. 4). The maximum uncertainty expected 
for these calculated changes in ellipsoid heights was ±28 mm 
(±0.09 ft) at the 95-percent confidence level. Changes at 5 of 
the 17 monuments (MAGF, MANI, OSDO, R70R, and JA54) 
exceeded the maximum expected uncertainty, indicating 
that land surfaces at these 5 monuments subsided between 
August 2005 and August 2010 (figs. 4C, 4D, 4E, 4F, 4I). 
These monuments also significantly subsided between 2000 
and 2005 (Sneed and Brandt, 2007). For 2005–10, OSDO 
subsided at the fastest rate–51 millimeters per year (mm/yr), 
or 0.17 foot per year (ft/yr), followed by MAGF (31 mm/yr, or 
0.10 ft/yr), JA54 (15 mm/yr, or 0.05 ft/yr), MANI (9 mm/yr, 
or 0.03 ft/yr), and R70R (6 mm/yr, or 0.02 ft/yr). These rates 
were similar to those calculated for the same monuments for 
2000–05 (Sneed and Brandt, 2007). Ellipsoid-height changes 
at 12 of the 17 monuments (DUNE, COCH, DEEP, 5211, 
CAHU, PAIN, K572, JOHN, C101, K70, P572, and G70) did 
not exceed the maximum expected uncertainty, indicating 
land-surface elevations at these monuments were similar in 
August 2005 and August 2010 (figs. 4A, 4B, 4G, 4H, 4J, 4L, 
4N, 4O, 4P, 4Q, 4R, 4T).
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Figure 4. Water-surface elevations for selected wells between 1995 and 2010, and ellipsoid-height changes relative to the first 
measurement for the following geodetic monuments: A, DUNE; B, COCH; C, MAGF; D, MANI; E, OSDO; F, R70R; G, DEEP; H, 5211; I, 54JA/
JA54; J, CAHU; K, S753; L, PAIN; M, C132; N, K572; O, JOHN; P, C101; Q, K70; R, P572; S, SWC; T, G70; and, U, C427. See figure 3 for the 
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Figure 4. —Continued
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Figure 4. —Continued
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In the northern and central parts of the geodetic network 
(near DUNE, MAGF, MANI, OSDO, R70R, and JA54/54JA), 
where significant subsidence was measured by 2010, water 
levels generally showed seasonal fluctuations superimposed 
on longer-term water-level declines during 1995–2010 
(figs. 4A, 4C, 4D, 4E, 4F, 4I) and earlier (fig. 5A). In the 
northeastern part of the geodetic network near COCH and 
5211, where land-surface elevations were fairly stable, water 
levels generally showed seasonal fluctuations superimposed 
on longer-term water-level declines during 1995–2010 
(figs. 4B, 4H); the longer-term declines were larger near 
COCH. The stable land-surface elevations at COCH in 
the presence of declining water levels could be due to the 
following: (1) COCH is located on a hill composed of the 
partly consolidated sediments of the Indio Hills rather than 
unconsolidated sediments of the valley floor, and (2) the wells 
near COCH (shown with COCH on 4B) do not adequately 
represent water levels at COCH because they are on the west 
side of the San Andreas Fault, whereas COCH is on the east 
side of the fault (fig. 3).

In the southwestern part of the geodetic network (near 
C101 and P572), where subsidence was measured by 2005 
(Sneed and Brandt, 2007), subsidence rates slowed at C101 
and the calculated ellipsoid height increased at P572 during 
2005–10 (figs. 4P, 4R). Water-level records from nearby 
wells 7S/8E-28G1, -20H1, -27A2, and -34G1 generally 
showed seasonal fluctuations superimposed on water-level 
declines between 1995 (or earlier) and 2007 or 2008, followed 
by water-level recovery (figs. 4P, 4R, 5B). This recovery 
coincided with increased Colorado River water deliveries 
to the Thomas E. Levy Recharge Facility (figs. 3, 6). In the 
southcentral and southeastern parts of the geodetic network 
(near K572, JOHN, K70, and G70), where land-surface 
elevations have been fairly stable and water levels have been 
stable or recovering since 1995 after decades of decline, 
a substantial recovery event was indicated in some wells 
beginning in 2008—again coinciding with increased deliveries 
to the Thomas E. Levy Recharge Facility (figs. 3, 4N, 4O, 
4Q, 5B, 6). The coincident timing of increased deliveries to 
the recharge ponds and substantial water-level recoveries 
indicated that the water applied to the recharge ponds 
was effectively increasing the head in the aquifer system. 
Decreased pumping or recharge from another source, however, 
also could cause water levels to stabilize or recover.
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Although groundwater-level changes are the likely cause 
of the observed land-surface elevation changes, tectonically-
induced crustal movements in the area could have a vertical 
component. However, because the CGPS stations on the 
margins of the valley that were used for the GPS network 

adjustments were fairly stable between 1996 and 2010, 
vertical crustal motion probably did not contribute much to the 
elevation changes measured at other geodetic monuments in 
the network.
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5S/7E-8Q1 (screened in the upper aquifer)  

5S/8E-17N1 (screened in the upper aquifer)  

5S/6E-23M1 (screened in the upper and
   lower aquifers)  
6S/8E-19D1 (screened in the lower aquifer) 
6S/8E-2D1 (screened in the upper aquifer)  
6S/7E-13M4 (screened in the lower  aquifer) 

6S/8E-27C1 (screened in the upper and
   lower aquifers)  

8S/8E-24A1 (screened in the lower aquifer)  
7S/9E-23N1 (screened in the upper aquifer)  
8S/8E-24L1 (screened in the upper aquifer)  
7S/9E-7H2 (screened in the upper aquifer)  
7S/8E-34G1 (screened in the perched aquifer)  

Figure 5. Water-surface elevations, 1925–2010, for wells in A, the northern and central parts of the subsidence monitoring network; 
and B, the southern part of the subsidence monitoring network. See figure 3 for the locations of wells.
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Figure 6. Water deliveries to the Thomas E. Levy Recharge Facility for 2008–10. See figure 3 for the location of the Thomas E. Levy 
Recharge Facility.
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Interferometric Synthetic Aperture 
Radar Methodology

InSAR is a satellite-based remote sensing technique that 
can detect centimeter-level ground-surface deformation over 
hundreds of square kilometers at a spatial resolution (pixel 
size) of 90 m (295 ft) or better (Bawden and others, 2003). 
Synthetic Aperture Radar (SAR) imagery is produced by 
reflecting radar signals off a target area and measuring the 
two-way travel time back to the satellite. InSAR uses two 
SAR scenes of the same area taken at different times and 
“interferes” (differences) them, resulting in maps called 
interferograms that show relative ground-elevation change 
(range change) between the two times. SAR imagery has 
two components: amplitude and phase. The amplitude is the 
radar signal intensity returned to the satellite and depends 
upon the varying reflective properties that delineate features 
of the landscape, such as roads, mountains, structures, and 
other features (fig. 7). The phase component is proportional 
to the line-of-sight distance from the ground to the satellite 
(range) and is used to measure land-surface displacement 
(subsidence or uplift). If the ground has moved away from 
the satellite (subsidence), a more distal phase portion of the 
waveform is reflected back to the satellite. Conversely, if 
the ground has moved closer to the satellite (uplift), a more 
proximal phase portion of the waveform is reflected back to 
the satellite (Sneed and Brandt, 2007). The phase difference, 
or shift, between the two SAR images is then calculated for 
each pixel relative to a selected reference pixel within the 
image extent. The map of phase shifts, or interferogram, can 
be depicted with a color scale that shows relative range change 
between the first and the second acquisitions. The indicated 
range change is about 90 to 95 percent of true vertical ground 
motion, depending on the satellite look angle and the location 
of the target area.

InSAR signal quality depends partly on satellite position, 
atmospheric conditions, ground cover, land-use practices, and 
timespan of the interferogram. Strict orbital control is required 
to precisely control the look angle and position of the satellite. 
Successful application of the InSAR technique is contingent 
on looking at the same point on the ground from nearly the 
same position in space so that the horizontal distance between 
each satellite pass, or perpendicular baseline, is minimized. 
Perpendicular baselines greater than about 200 m (656 ft) can 
produce excessive topographic effects (parallax) that can mask 
range changes. The relatively flat topography of the study 
area allowed inclusion of SAR image pairs with perpendicular 
baselines as long as about 500 m (1,640 ft) without adversely 
affecting the interferograms. 

Phase shifts can be caused by the variation of 
atmospheric mass that is associated with different elevations. 
A digital elevation model is used in the interferogram 
generation process to reduce the topographic effects caused 
by elevation differences and to georeference the image. Phase 
shifts also can be caused by laterally variable atmospheric 

conditions, such as clouds or fog, because the non-uniform 
distribution of water vapor differentially slows the radar 
signal over an image, which causes differential phase shifts 
(Zebker and others, 1997). Clouds and fog can be assessed 
by using solar radiation or visible-spectrum satellite data. 
Independent interferograms that do not share a common SAR 
image can be used to identify atmospheric artifacts. When 
apparent ground motion is detected in a single interferogram, 
or in a set of interferograms that share a common SAR image, 
the apparent motion is likely to be an artifact of atmospheric 
phase delay or another error source within the common SAR 
image. When the pixel-by-pixel range displacements of 
two or more interferograms are added to create a “stacked 
interferogram,” a cloud in one particular SAR scene does 
not necessarily affect the total displacement measured by the 
stacked interferogram. For example, when two interferograms 
are generated from three SAR scenes, the area with a cloud 
in the common SAR image will have apparent increased 
range in the first interferogram and decreased range in the 
second interferogram. When these two interferograms are 
added (stacked) together, the equal and opposite apparent 
deformation will be cancelled out. 

The type and density of ground cover also can affect 
interferogram quality. Densely forested areas are poor 
reflectors because the C-band radar signal, which has a 
wavelength of 56 mm (0.18 ft), is either absorbed or reflected 
from various canopy depths, which results in incoherent 
signals (shown as randomized colors on an interferogram). In 
contrast, sparsely vegetated areas and urban centers generally 
reflect coherent signals because bare ground, roads, and 
buildings have consistently uniform surfaces during at least 
some range of InSAR timespans. Certain land-use practices, 
such as the prevalent farming in the southern part of the 
Coachella Valley, cause incoherent areas in both the phase 
and amplitude components on interferograms because the 
tilling and plowing of farm fields causes relatively large and 
nonuniform ground-surface changes. Interferogram quality 
also is adversely affected by longer timespans between SAR 
scenes because there is more opportunity for nonuniform 
change in both urban and non-urban areas. The Coachella 
Valley is generally suitable for InSAR analysis because it is 
fairly flat, arid, and contains several urban centers; therefore, 
most of the aforementioned error sources are not substantial, 
except in agricultural areas, which appear incoherent.

There are two primary forms of interferometric 
processing: conventional and persistent scatterer (PS) 
InSAR. The difference between the conventional and the 
PS InSAR processing techniques is that the conventional 
technique computes the phase shifts at all pixels, whereas the 
PS technique computes the phase shifts at selected pixels. 
The selection of pixels for PS processing is based on the 
amplitude variance at each pixel in a selected set of SAR 
images (generally, at least 20 SAR images are used). Pixels 
that have relatively high variance in amplitude in the set 
of SAR images are filtered from the PS data set, resulting 
in a data set containing “stable” pixels. It is assumed that 
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the reflective properties in areas with high variance in 
amplitude have changed sufficiently so as to be unreliable 
for accurate measurement of elevation change (for example, 
active agricultural fields, construction or destruction of a 
building, high-traffic roads, and water-body surfaces). The 
PS InSAR processing is particularly advantageous in areas of 
agricultural use, such as those in the Coachella Valley. The 

suitable pixels generally contain low-traffic roads, undisturbed 
ground surfaces, farm houses, or other buildings. Pixels 
with high variability in phase, such as those within active 
agricultural fields, were excluded from the PS data set, which 
consequently contains high-pixel densities in urban and arid 
undeveloped regions and low-pixel densities in agricultural 
or rapidly developing areas. A differential-phase regression 
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model was then calculated for selected interferograms, which 
defined a linear dependence of interferometric phase on the 
difference in satellite geometry between the two SAR images 
composing the interferogram. This linear relationship is used 
to determine a digital elevation model height correction factor 
(Werner and others, 2003; Strozzi and others, 2005).

Data from three European Space Agency (ESA) satellites 
were analyzed for this study. The ERS1 (European Remote 
Sensing 1) satellite was launched in July 1991 and began 
collecting SAR data in the Coachella Valley during 1992. 
ERS2 (European Remote Sensing 2), a nearly identical 
satellite to ERS1, was launched in April 1995 and orbited 
1 day behind ERS1 (https://earth.esa.int, accessed February 8, 
2013). After ERS1 was deactivated in 1996, ERS2 assumed 
its operational functions until late 2000, when equipment 
failures prevented further acquisition of reliable InSAR data. 
Because ERS1 and ERS2 utilized identical orbital parameters, 
their data can be combined to form interferograms, which are 
termed ERS data in this report. The multi-mission ENVISAT 
(Environmental Satellite) platform was launched in March 
2002 and started collecting SAR data in the Coachella Valley 
during February 2003. ENVISAT was fully operational until 
November 2010, when a fuel-saving orbit change designed 
to extend its lifespan increased the platform’s “wobble,” 

which degraded the suitability of SAR acquisitions for 
interferometry. In 2012, it stopped communicating with 
ground tracking stations and was deactivated. These side-
looking SAR satellites orbited the Earth at an altitude of 
approximately 800 km (500 mi) and repeated orbital tracks 
every 35 days. Differences between the orbital geometries 
of ERS and ENVISAT prevent ERS SAR images from 
being combined with ENVISAT SAR images to form 
interferograms. 

For this study, a total of 100 SAR images (49 ERS, 
and 51 ENVISAT) between September 27, 1992, and 
September 19, 2010, were acquired and processed into 
447 interferograms by using the PS InSAR technique. Of 
these, 49 ERS and 92 ENVISAT interferograms between 
April 25, 1993, and September 19, 2010, were used for 
analysis. These 141 interferograms were selected on the basis 
of quality and the time spanned, which ranged from 35 days to 
595 days (table 2). A subset of these 141 interferograms was 
also processed by using the conventional technique, one of 
which is presented in this report (fig. 8). There is a 3-year data 
gap in the 141 interferograms between November 8, 2000, 
and October 26, 2003, when ERS data were unsuitable for 
interferometry and before ENVISAT acquired suitable SAR 
data for the Coachella Valley.

Table 2. Interferograms interpreted for this report. 

[See appendix A for selected interferograms used for the stacked and kriged interferogram shown in figure 8A. Abbreviation: mm/dd/yyyy, month/day/year; 
SAR, Synthetic Aperture Radar]

Index  
number

Track
1st SAR  

acquisition 
(mm/dd/yyyy)

2nd SAR  
acquisition 

(mm/dd/yyyy)

Interval  
between  
SAR pair,  
in days

1 T127 04/25/1993 11/21/1993 210
2 T127 06/27/1995 06/12/1996 351
3 T127 08/01/1995 10/10/1995 70
4 T127 08/01/1995 05/07/1996 280
5 T127 08/01/1995 05/08/1996 281
6 T127 10/10/1995 05/07/1996 210
7 T127 04/02/1996 09/25/1996 176
8 T127 04/02/1996 01/08/1997 281
9 T127 04/02/1996 02/12/1997 316

10 T127 04/02/1996 03/19/1997 351
11 T127 04/02/1996 07/02/1997 456
12 T127 05/08/1996 10/30/1996 175
13 T127 05/08/1996 09/10/1997 490
14 T127 06/12/1996 12/04/1996 175
15 T127 06/12/1996 01/08/1997 210
16 T127 06/12/1996 02/12/1997 245
17 T127 06/12/1996 03/19/1997 280
18 T127 06/12/1996 07/02/1997 385
19 T127 12/04/1996 07/02/1997 210
20 T127 12/04/1996 04/08/1998 490
21 T127 01/08/1997 07/02/1997 175
22 T127 01/08/1997 10/15/1997 280
23 T127 01/08/1997 12/24/1997 350

Index  
number

Track
1st SAR  

acquisition 
(mm/dd/yyyy)

2nd SAR  
acquisition 

(mm/dd/yyyy)

Interval  
between  
SAR pair,  
in days

24 T127 01/08/1997 01/28/1998 385
25 T127 02/12/1997 01/28/1998 350
26 T127 02/12/1997 04/08/1998 420
27 T127 03/19/1997 07/02/1997 105
28 T127 03/19/1997 10/15/1997 210
29 T127 03/19/1997 01/28/1998 315
30 T127 09/10/1997 05/13/1998 245
31 T127 09/10/1997 09/30/1998 385
32 T127 10/15/1997 12/24/1997 70
33 T127 12/24/1997 01/28/1998 35
34 T127 01/28/1998 04/08/1998 70
35 T127 01/28/1998 01/13/1999 350
36 T127 04/08/1998 01/13/1999 280
37 T127 06/17/1998 09/30/1998 105
38 T127 07/22/1998 07/07/1999 350
39 T127 09/30/1998 02/17/1999 140
40 T127 09/30/1998 12/29/1999 455
41 T127 01/13/1999 09/15/1999 245
42 T127 02/17/1999 08/11/1999 175
43 T127 11/24/1999 04/12/2000 140
44 T127 11/24/1999 10/04/2000 315
45 T127 12/29/1999 08/30/2000 245
46 T127 12/29/1999 11/08/2000 315

https://earth.esa.int


Interferometric Synthetic Aperture Radar Methodology  23

Table 2. Interferograms interpreted for this report.—Continued

[See appendix A for selected interferograms used for the stacked and kriged interferogram shown in figure 8A. Abbreviation: mm/dd/yyyy, month/day/year; 
SAR, Synthetic Aperture Radar]

Index  
number

Track
1st SAR  

acquisition 
(mm/dd/yyyy)

2nd SAR  
acquisition 

(mm/dd/yyyy)

Interval  
between  
SAR pair,  
in days

47 T127 03/08/2000 10/04/2000 210
48 T127 04/12/2000 11/08/2000 210
49 T127 06/21/2000 10/04/2000 105
50 T077 10/26/2003 06/27/2004 245
51 T077 10/26/2003 11/14/2004 385
52 T077 10/26/2003 02/27/2005 490
53 T077 10/26/2003 06/12/2005 595
54 T077 11/30/2003 05/23/2004 175
55 T077 11/30/2003 01/23/2005 420
56 T077 05/23/2004 01/23/2005 245
57 T077 05/23/2004 05/08/2005 350
58 T077 05/23/2004 07/17/2005 420
59 T077 06/27/2004 11/14/2004 140
60 T077 06/27/2004 02/27/2005 245
61 T077 06/27/2004 06/12/2005 350
62 T077 06/27/2004 08/21/2005 420
63 T077 06/27/2004 02/12/2006 595
64 T077 08/01/2004 04/03/2005 245
65 T077 09/05/2004 04/03/2005 210
66 T077 11/14/2004 08/21/2005 280
67 T077 11/14/2004 02/12/2006 455
68 T077 11/14/2004 03/19/2006 490
69 T077 11/14/2004 05/28/2006 560
70 T077 12/19/2004 12/04/2005 350
71 T077 12/19/2004 03/19/2006 455
72 T077 01/23/2005 07/17/2005 175
73 T077 02/27/2005 05/28/2006 455
74 T077 05/08/2005 04/23/2006 350
75 T077 06/12/2005 02/12/2006 245
76 T077 06/12/2005 05/28/2006 350
77 T077 06/12/2005 12/24/2006 560
78 T077 08/21/2005 11/19/2006 455
79 T077 08/21/2005 12/24/2006 490
80 T077 12/04/2005 03/19/2006 105
81 T077 12/04/2005 11/19/2006 350
82 T077 02/12/2006 11/19/2006 280
83 T077 02/12/2006 12/24/2006 315
84 T077 03/19/2006 11/19/2006 245
85 T077 05/28/2006 11/19/2006 175
86 T077 10/15/2006 09/30/2007 350
87 T077 10/15/2006 11/04/2007 385
88 T077 10/15/2006 12/09/2007 420
89 T077 10/15/2006 04/27/2008 560
90 T077 10/15/2006 06/01/2008 595
91 T077 12/24/2006 08/26/2007 245
92 T077 12/24/2006 01/13/2008 385
93 T077 12/24/2006 03/23/2008 455

Index  
number

Track
1st SAR  

acquisition 
(mm/dd/yyyy)

2nd SAR  
acquisition 

(mm/dd/yyyy)

Interval  
between  
SAR pair,  
in days

94 T077 08/26/2007 11/04/2007 70
95 T077 08/26/2007 01/13/2008 140
96 T077 08/26/2007 06/01/2008 280
97 T077 08/26/2007 03/08/2009 560
98 T077 09/30/2007 02/17/2008 140
99 T077 09/30/2007 08/10/2008 315

100 T077 09/30/2007 03/08/2009 525
101 T077 09/30/2007 04/12/2009 560
102 T077 11/04/2007 03/23/2008 140
103 T077 11/04/2007 04/27/2008 175
104 T077 11/04/2007 06/01/2008 210
105 T077 11/04/2007 03/08/2009 490
106 T077 11/04/2007 05/17/2009 560
107 T077 12/09/2007 04/12/2009 490
108 T077 01/13/2008 03/23/2008 70
109 T077 01/13/2008 04/27/2008 105
110 T077 01/13/2008 06/01/2008 140
111 T077 01/13/2008 03/08/2009 420
112 T077 01/13/2008 05/17/2009 490
113 T077 02/17/2008 03/08/2009 385
114 T077 02/17/2008 04/12/2009 420
115 T077 02/17/2008 05/17/2009 455
116 T077 03/23/2008 03/08/2009 350
117 T077 03/23/2008 05/17/2009 420
118 T077 03/23/2008 08/30/2009 525
119 T077 04/27/2008 03/08/2009 315
120 T077 04/27/2008 05/17/2009 385
121 T077 04/27/2008 08/30/2009 490
122 T077 06/01/2008 03/08/2009 280
123 T077 06/01/2008 05/17/2009 350
124 T077 06/01/2008 08/30/2009 455
125 T077 06/01/2008 01/17/2010 595
126 T077 03/08/2009 05/17/2009 70
127 T077 03/08/2009 08/30/2009 175
128 T077 03/08/2009 01/17/2010 315
129 T077 03/08/2009 05/02/2010 420
130 T077 04/12/2009 12/13/2009 245
131 T077 04/12/2009 01/17/2010 280
132 T077 04/12/2009 02/21/2010 315
133 T077 04/12/2009 05/02/2010 385
134 T077 05/17/2009 08/30/2009 105
135 T077 05/17/2009 01/17/2010 245
136 T077 08/30/2009 01/17/2010 140
137 T077 08/30/2009 09/19/2010 385
138 T077 11/08/2009 09/19/2010 315
139 T077 01/17/2010 05/02/2010 105
140 T077 01/17/2010 09/19/2010 245
141 T077 02/21/2010 05/02/2010 70
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Sixteen of the most suitable interferograms (nine from 
ERS and seven from ENVISAT) were selected to construct a 
deformation time series from June 27, 1995, to September 19, 
2010 (table 2; appendix A). In addition to the 3-year data 
gap previously mentioned, there were four small time 
gaps and one small overlap totaling 210 days and 71 days, 
respectively. Combined, the gaps and overlap represented 
less than 5 percent of the total time series. The potential 
magnitude of deformation during these gaps was estimated 
for each pixel by averaging the deformation rate determined 
from the interferograms immediately before and after the gap, 
converting that rate to a magnitude for the period of the gap, 
and adding that magnitude to the time series. Similarly, the 
magnitude of excess deformation measured in the time series 
due to the overlap was estimated for each pixel by determining 
the deformation rate from one of the interferograms containing 
the overlap, converting that rate to a magnitude for the 71-day 
overlap, and subtracting that magnitude from the time series. 
Deformation within the 3-year gap was estimated by averaging 
the deformation rate determined from the 16 interferograms at 
selected pixels. The estimated deformation during the 3-year 
gap was added to the time series to more accurately represent 
the total deformation. Because of excessive temporal and 
spatial variation in rates throughout the valley, however, the 
estimated deformation over the 3-year gap was not added to 
the stacked (and kriged) interferogram shown in figure 8A.

Interferometric Synthetic Aperture Radar 
Detection of Land Subsidence

The interferograms processed for the Coachella Valley 
showed substantial land-surface-elevation changes and 
indicated that land subsided between 1993 and 2010 in at 
least three areas: Palm Desert (area 1); Indian Wells (area 2); 
and La Quinta (area 3), which includes parts of the Coachella 
branch of the All-American Canal (fig. 7). These three areas 
were also identified in previous reports (Sneed and others, 
2001; 2002; Sneed and Brandt, 2007). The interferograms 
indicated that much of the study area in the Coachella Valley 
subsided (fig. 8) less than the areas of land subsidence 
discussed in the following sections.

The Palm Desert Area (Area 1)
A subsidence signal was detected in the Palm Desert area 

in all of the interferograms for April 25, 1993–September 19, 
2010. The part of the signal that had the largest magnitude 
is nearly circular and centered about 1 km (0.6 mi) north 
of Fred Waring Drive and 1 km (0.6 mi) east of the 
intersection of Bob Hope Drive and Hwy 111 (figs. 7, 9); 
in longer-term interferograms, it is as large as about 2 km 
(1.2 mi) in diameter and has an area of about 4 km2 (1.5 mi2; 
figs. 8, 9B, 9C). This part of the signal is approximately 
bounded by Clancey Lane on the north, Fred Waring Drive 
on the south, Highway 111 and Bob Hope on the west, and 
Monterey Avenue on the east, where golf course and urban 
land use predominate (figs. 7, 9). The part of the signal that is 
smaller in magnitude extends to the north and east and has a 
pronounced northwest to southeast elongation (figs. 8, 9B, 9C). 
The extent of this part of the signal is less in interferograms 
representing shorter periods (for example, see fig. A4) than 
interferograms representing longer periods (figs. 8, 9B, 9C) 
and can extend to the northwest, where Frank Sinatra Drive 
intersects the Whitewater River channel, to the north beyond 
Country Club Drive, and to the east as far as Cook Street 
(figs. 7, 9). The San Jacinto and Santa Rosa Mountains, which 
outcrop consolidated rock, could act as barriers to subsidence 
farther to the south and southwest (figs. 7, 8, 9). The extent 
of subsidence terminates abruptly northeast of Palm Desert, 
forming a northwest to southeast trending lineament 
(figs. 9B, 9C). The nature of this lineament and the differential 
subsidence across it are discussed in the section “Correlation 
of Land Subsidence, Groundwater Levels, Geologic 
Structures, and Fine-Grained Deposits.” A lack of barriers to 
the northwest and southeast could explain the pronounced 
elongation of the subsidence signal in these directions. The 
maximum subsidence magnitude was about 600 mm (1.97 ft) 
between June 27, 1995, and September 19, 2010 (fig. 10A). 
The average subsidence rate increased from about 39 mm/year 
(0.13 ft/yr) during 1995–2000 to about 45 mm/year (0.15 ft/yr) 
during 2003–10.
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Figure 8. Areas of subsidence, consolidated rock, Global Positioning System (GPS) stations, and two Continuous GPS (CGPS) stations 
in the Coachella Valley, California, for A, June 27, 1995–September 19, 2010 (excludes November 8, 2000–November 30, 2003), as shown 
on a stacked and kriged interferogram; and B, June 1, 2008–March 8, 2009, as shown on a conventional interferogram (black areas 
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Figure 8. —Continued
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Figure 9. Palm Desert subsidence area (Area 1), Coachella Valley, California, showing one Global Positioning System (GPS) station, 
one Continuous Global Positioning System (CGPS) station, consolidated rock, and selected roads and wells overlain on A, an amplitude 
image showing land-surface features; B, a stacked and kriged interferogram depicting subsidence during June 27, 1995–September 19, 
2010 (excluding November 8, 2000–November 30, 2003); and C, a conventional interferogram depicting subsidence during June 1, 2008–
March 8, 2009.
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Figure 10. Land subsidence in the Palm Desert area (Area 1), Coachella Valley, California, during June 27, 1995–September 19, 2010, 
derived from interferograms shown in appendix A (including estimated subsidence for November 8, 2000–November 30, 2003): A, time 
series for the location of maximum subsidence; and B, profile along Monterey Avenue. See figure 9A for profile location.
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The Indian Wells Area (Area 2)
In the Indian Wells area, two distinct subsidence signals 

were detected, termed the western bowl and the eastern 
bowl; additionally, there is a smaller and less distinct third 
bowl. All of the interferograms showed subsidence in the 
Indian Wells area for April 25, 1993–September 19, 2010. 
The western bowl is centered approximately 0.5 km (0.3 mi) 
south of Hwy 111 and 0.3 km (0.2 mi) east of Eldorado 
Drive (figs. 7, 11) and is elongated northwest-southeast 
(figs. 8, 11B, 11C). The eastern bowl is centered about 
0.7 km (0.4 mi) south of Hwy 111 and about 1.3 (0.8 mi) 
km southeast of the west bowl (figs. 7, 11) and is elongated 
east-west (figs. 8, 11B, 11C). A third bowl is centered about 
0.6 km (0.4 mi) south of Hwy 111 and about 1.3 km (0.8 mi) 
southeast of the east bowl (figs. 7, 11) and is approximately 
circular (for example, see fig. A12). Similar to the Palm 
Desert subsidence area, the land use in and adjacent to the 
three bowls is predominantly golf courses and urban land use. 
The interferograms analyzed for this study generally showed 
three distinct bowls separated by areas of lower subsidence 
magnitudes (for example, see fig. A12) or showed the third 

bowl as an extension of the eastern bowl (for example, see 
fig. A3). Together, the three bowls make up an area of about 
8 km2 (3 mi2). The extent of subsidence terminates abruptly on 
the northeast extents of both the west and east bowls, forming 
a northwest to southeast trending lineament, which closely 
aligns with the previously discussed lineament that terminates 
the northeast extent of the Palm Desert subsidence area 
(figs. 8B, 11C). Additional northwest to southeast lineaments 
were observed near the western margin of the west bowl and 
between the west and east bowls (fig. 11C). A time series 
between June 27, 1995, and September 19, 2010, indicated a 
maximum subsidence magnitude of about 480 mm (1.57 ft), 
380 mm (1.25 ft), and 220 mm (0.72 ft) for the west, east, and 
third bowls, respectively (fig. 12A). Average subsidence rates 
for 2003–10 were similar to average rates for 1995–2000 for 
the west and east bowls; the average rates for the third bowl 
increased from the earlier to the later period. The west bowl 
subsidence rates increased slightly from about 33 to  
35 mm/yr (0.11 to 0.11 ft/yr); the east bowl subsidence rates 
increased slightly from about 25 to 27 mm/yr (0.08 to  
0.09 ft/yr); and the third bowl subsidence rates increased from 
14 to 19 mm/yr (0.05 to 0.06 ft/yr).
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Figure 11. Indian Wells subsidence area (Area 2), Coachella Valley, California, showing two Global Positioning System (GPS) stations, 
consolidated rock, and selected roads and wells overlain on A, an amplitude image showing land-surface features; B, a stacked and 
kriged interferogram depicting subsidence during June 27, 1995–September 19, 2010 (excluding November 8, 2000–November 30, 2003); 
and C, a conventional interferogram depicting subsidence during June 1, 2008–March 8, 2009.
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Land Subsidence near La Quinta, Including Parts 
of the Coachella Branch of the All-American 
Canal (Area 3)

An area of subsidence was detected in the La Quinta area 
in all of the interferograms for April 25, 1993–September 19, 
2010. The results of the PS InSAR technique indicated that 
this subsidence area was larger than defined in previous 
reports (Sneed and others, 2001; 2002; Sneed and Brandt, 
2007), covering about 85 km2 (33 mi2) and extending eastward 
toward the agriculturally active center of the Coachella 
Valley, which subsided at least 60 mm (0.20 ft) between 
June 27, 1995, and September 19, 2010; about half of this 
area (45 km2 or 17 mi2) subsided at least 120 mm (0.39 ft; 
figs. 7, 8A, 13A, 13B). The subsidence magnitudes for these 
large areas are given as minimum values because (1) the 
reported magnitudes exclude deformation that probably 
occurred during the 2000–03 InSAR data gap, as indicated 
by GPS-measured subsidence at JA54 during 2000–05 
(table 1; fig. 4I), and (2) kriged InSAR data tend to result in 
conservative subsidence magnitudes compared to the unkriged 
InSAR data. The most rapidly subsiding part of this large 
area, corresponding to the “La Quinta subsidence area” as 

defined in previous reports (Sneed and others, 2001; 2002; 
Sneed and Brandt, 2007), is about 10 km (6.2 mi) in length 
by about 3 km (1.9 mi) in width and trends northwest to 
southeast (figs. 8, 13B, 13C). This rapidly subsiding area is 
approximately bounded by Avenue 48 (if extended westward) 
on the north, Avenue 60 (if extended westward) on the south, 
the Santa Rosa Mountains on the west, and streets varying 
from Jefferson Street to Monroe Street on the east (figs. 7, 13). 
Because this is a large area of subsidence, time series plots 
of subsidence were produced for five selected locations—
four that generally coincided with maxima and one near the 
southern extent of the subsidence area (figs. 7, 8, 13). The 
time series for the four maxima locations were all within 
golf courses and indicated that subsidence ranged from about 
465 mm (1.53 ft) to about 600 mm (1.97 ft) for June 27, 1995–
September 19, 2010 (fig. 14A). The time series for the fifth 
location, near the southern extent of the La Quinta subsidence 
area and near the Thomas E. Levy Recharge Facility, showed 
about 225 mm (0.74 ft) of subsidence (fig. 14A). Comparison 
of subsidence rates computed for 1995–2000 and for 2003–
mid-2009 showed the average subsidence rates were fairly 
steady at three of the locations and increased at the other two. 
At LQ1, LQ4, and LQ5, subsidence rates were fairly steady 
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Figure 12. Subsidence in the Indian Wells area (Area 2), Coachella Valley, California, during June 27, 1995–September 19, 2010, derived 
from interferograms shown in appendix A (including estimated subsidence for November 8, 2000–November 30, 2003): A, time series for 
three locations of maxima; and B, profile along Highway 111. See figure 11A for profile location.
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Figure 13. La Quinta subsidence area (Area 3), Coachella Valley, California, showing six Global Positioning System (GPS) stations, 
consolidated rock, and selected roads and wells overlain on A, an amplitude image showing land-surface features; B, a stacked and 
kriged interferogram depicting subsidence during June 27, 1995–September 19, 2010 (excluding November 8, 2000 and November 30, 
2003) and subsidence time series for five selected locations; and C, a conventional interferogram depicting subsidence during June 1, 
2008–March 8, 2009 (black areas indicate incoherent InSAR data).
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Figure 14. Subsidence in the La Quinta subsidence area (Area 3), Coachella Valley, California, during June 27, 1995–September 19, 
2010, derived from interferograms shown in appendix A (including estimated subsidence for November 8, 2000–November 30, 2003): 
A, time series for five selected locations (four are maxima) during June 27, 1995–September 19, 2010; and B, profile along Avenue 52. 
See figure 13A for profile location.
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at about 37, 39, and 17 mm/yr (0.12, 0.13, and 0.06 ft/yr), 
respectively, for both periods. Subsidence rates increased from 
22 to 39 mm/yr (0.07 to 0.13 ft/yr) at LQ2 and increased 24 
to 37 mm/yr (0.08 and 0.12 ft/yr) at LQ3. Subsidence rates 
slowed during mid-2009–2010 to about 28 mm/yr  
(0.09 ft/yr) at LQ1, LQ2, and LQ3 and to about 14 mm/yr 
(0.04 ft/yr) at LQ4; LQ5 uplifted at a rate of about 9 mm/yr 
(0.03 ft/yr) during mid-2009–2010.

Long-term subsidence along the Coachella branch 
of the All-American Canal was analyzed in detail because 
subsidence has caused sags that adversely affected flow, loss 
of freeboard, and misalignment of the water surface and the 
concrete liner in some areas, which prompted the CVWD 
to consider canal realignment (http://www.cvwd.org/news/
fww/2012_spring_FWW.pdf, accessed July 29, 2013). The 
effects of a sag in a channel profile are increased flow velocity 
in the upstream end, decreased velocity in the middle, and 

loss of flow capacity immediately downstream of the sag. If 
the sag is deep, the height of the channel at the sag might not 
be sufficient to maintain flow capacity downstream of the 
subsided reach. 

A subsidence profile consisting of 36 selected pixels 
covering about 43 km (27 mi) of the canal from Lake Cahuilla 
was constructed to illustrate the differential subsidence 
along the canal (fig. 15). The time series for June 27, 1995, 
to September 19, 2010, indicated the maximum subsidence 
along the canal (about 410 mm or 1.35 ft) occurred less than 
5 km (3.1 mi) from Lake Cahuilla, just west of the canal 
intersection with Jefferson Street (fig. 15). There was minimal 
subsidence at distances of about 20 km (12.4 mi) or more from 
Lake Cahuilla, where the canal courses along the foothills 
of the Little San Bernardino Mountains and the Cottonwood 
Mountains on the east side of the valley.

http://www.cvwd.org/news/fww/2012_spring_FWW.pdf
http://www.cvwd.org/news/fww/2012_spring_FWW.pdf
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Groundwater Levels near the Three Subsiding 
Areas Detected by Using Interferometric 
Synthetic Aperture Radar

All three areas where substantial subsidence was detected 
by using InSAR—Palm Desert, Indian Wells, and La Quinta— 
were in or near areas where groundwater pumping generally 
caused seasonal groundwater-level fluctuations and 
longer-term groundwater-level declines during 1993–2010 
(figs. 16, 17). Water levels measured in the late 2000s in 
many wells in the Palm Desert (figs. 16A, 16B, 17A, 17B), 
Indian Wells (figs. 16C, 16D, 17C, 17D), and La Quinta 
(figs. 16E, 17E) areas were at the lowest levels in their 
recorded histories (fig. 17). However, water-levels in and near 
the La Quinta area, which had declined for decades, stabilized 

in mid-2008 and, subsequently, recovered (figs. 4M, 4N, 4O, 
4P, 4Q, 4R, 4S, 16E, 17E). The stabilization and recovery of 
water levels in this area coincided with increased Colorado 
River water deliveries to the Thomas E. Levy Recharge 
Facility (fig. 6), indicating that the increased water deliveries 
to the percolation ponds at the facility could have increased 
the head in the aquifer system. Water-level stabilization and 
recovery also could be caused by a reduction in groundwater 
pumping. These water-level recoveries may have reduced the 
subsidence rates in the La Quinta area during 2009–10 (fig. 
16E). Concomitant subsidence and declining water levels 
within these areas during 1993–2010, and reduced subsidence 
rates and recovering water levels in the La Quinta area in 
2009–10, indicated that aquifer-system compaction could be 
causing subsidence.
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Figure 16. Water-surface elevations for selected wells and Interferometric Synthetic Aperture Radar (InSAR) time series showing 
land subsidence for June 27, 1995–September 19, 2010, A, within the Palm Desert area of subsidence and Palm Desert, respectively; 
B, outside the Palm Desert area of subsidence and Palm Desert, respectively; C, within the Indian Wells area of subsidence and 
in the west, east, and third bowls; D, outside the Indian Wells area of subsidence and the west, east, and third bowls; and E, in the 
La Quinta area of subsidence and five locations in La Quinta. See figures 7, 9, 11, and 13 for locations of land-subsidence time-series 
interpretations and wells.
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Figure 17. Water-surface elevations for selected wells in the Coachella Valley, California, A, for 1966–2010 within the Palm Desert 
area of subsidence; B, for 1971–2010 outside the Palm Desert area of subsidence; C, for 1979–2010 within the Indian Wells area of 
subsidence; D, for 1960–2010 outside the Indian Wells area of subsidence; and E, 1981–2010 within the La Quinta area of subsidence. 
See figures 7, 9, 11, and 13 for location of wells.
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Comparison of Global Positioning 
System and Interferometric Synthetic 
Aperture Radar Results

Comparison of Deformation Rates Derived 
from Global Positioning System-Survey and 
Interferometric Synthetic Aperture Radar Data

Subsidence calculations derived from GPS and InSAR 
measurements were compared at 18 monuments (DEEP, 
MANI, MAGF, OSDO, DUNE, COCH, R70R, 5211, JA54, 
CAHU, S753, C132, K572, JOHN, C101, P572, SWC, and 
C427). GPS and InSAR measurements could not be compared 
at the other monuments, PAIN, K70, and G70, because InSAR 
data did not include these locations. Rates of land subsidence 
that were derived from GPS survey data were calculated by 
differencing the ellipsoid heights computed from the GPS 
surveys in 1996, 1998, 2000, 2005, and 2010 and dividing 
the resulting ellipsoid height differences by the time elapsed 
between the middle date of each of the five multi-day surveys: 
June 20, 1996, October 5, 1998, August 30, 2000, August 17, 
2005, and August 25, 2010. Rates of land subsidence 
were determined from InSAR data at GPS monuments by 
computing the magnitude of land subsidence near each 
monument and, then, dividing that magnitude by the elapsed 
time of the interferogram. 

Generally, GPS derived subsidence rates at the 
18 monuments compared favorably with InSAR derived 
subsidence rates for similar periods. Also, the InSAR-derived 
subsidence rates at these monuments tended to fall within 
the error tolerances of the GPS surveys and showed similar 
deformation trends. GPS-derived deformation rates for 
1996–98 and 1998–2000, however, compared less favorably 
to InSAR derived rates than GPS derived rates for 2000–05 
and 2005–10. This could be caused by higher errors in the 
individual 1996 and 2000 GPS survey data (table 1), the 
lower signal-to-noise ratios for the 2-year repeat surveys 
compared to the 5-year repeat surveys, differences in SAR 
data collection from ENVISAT as opposed to ERS satellites, 
differences in processing algorithms for the SAR data 
collected from the two satellites, or a combination of these 
factors.

Comparison of Deformation Magnitudes Derived 
from Continuous-Global Positioning System and 
Interferometric Synthetic Aperture Radar Data

Continuous GPS and InSAR data were compared at the 
CGPS sites COTD in Palm Desert and TMAP near Coachella 
(fig. 18). Magnitudes of subsidence derived from CGPS data 
and InSAR data were directly compared because continuously 
collected GPS data generally permits computation of a 
position for most days.

The coordinates for CGPS stations were obtained from 
and computed by SOPAC for most days between October 15, 
1999, and January 15, 2011, for COTD, and for most days 
between March 15, 2000, and December 9, 2010, for TMAP. 
Daily CGPS position time series were downloaded from the 
SOPAC ftp (file transfer protocol) website (ftp://garner.ucsd.
edu/ accessed January 29, 2013). Day-to-day CGPS height 
solutions varied by as much as about 30 mm (0.10 ft), which 
is likely the result of variable atmospheric conditions, random 
walk (Brownian) noise, and other effects not directly related 
to land-surface-elevation change (Zerbini and others, 2001; 
Williams and others, 2004; Langbein, 2008). To minimize this 
high-frequency noise and to enable better correlation between 
changes in GPS heights and InSAR measurements, a 31-day 
moving average was applied to the CGPS data (fig. 18). The 
removal of the day-to-day variations in GPS heights did not 
remove seasonal or long-term deformation trends (fig. 18) 
and permitted more meaningful comparison with InSAR data. 
Data from COTD and TMAP were compared to the InSAR 
time series that spans the same or similar periods. InSAR 
measurements at COTD for April 12, 2000–September 19, 
2010, indicated about 105 mm (0.34 ft) of subsidence, and 
CGPS observations indicated about 90 mm (0.30 ft) of 
subsidence (fig. 18A). InSAR measurements at TMAP for 
April 12, 2000–September 19, 2010, indicated about 15 mm 
(0.05 ft) of subsidence (fig. 18B). Gaps in TMAP CGPS data 
prevented the comparison with InSAR subsidence magnitudes 
for the exact same period, but GPS data for April 30, 2000–
July 13, 2010 (86 days shorter than the InSAR time period), 
indicated about 25 mm (0.08 ft) of subsidence (fig. 18B). Note 
the stabilization and subsequent uplift of TMAP beginning 
in mid-2009 after about 9 years of net annual subsidence 
(fig. 18B), which is consistent with the previously discussed 
slowing of subsidence or stabilization at geodetic monuments 
in the southern part of the geodetic network (figs. 4N, 4O, 4P, 
4Q, 4R). 

The InSAR and GPS derived subsidence rates for most 
GPS monuments, and the InSAR and GPS derived subsidence 
magnitudes at COTD and TMAP generally compared 
favorably, which can provide confidence in results derived 
from both methods.

ftp://garner.ucsd.edu
ftp://garner.ucsd.edu
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Figure 18. Vertical displacements measured by Continuous Global Positioning System (CGPS) and by Interferometric Synthetic 
Aperture Radar (InSAR) at CGPS stations, A, COTD, and B, TMAP.
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Correlation of Land Subsidence, 
Groundwater Levels, Geologic 
Structures, and Fine-Grained Deposits

In the area of investigation in the Coachella Valley, 
InSAR and GPS data collected during 1993–2010 indicated 
that most of the valley had subsided; areas of lesser subsidence 
were in the southcentral and southeastern parts of the valley, 
where agriculture and small communities are located, and 
areas of greater subsidence were in and near Palm Desert, 
Indian Wells, and La Quinta in the northern and central parts 
of the valley, where golf courses and other urban land use 
predominates (figs. 4, 8–14). 

The areas of lesser subsidence in the southcentral and 
southeastern parts of the valley were coincident with locations 
where water levels generally were stable or recovered during 
1993–2010, but had previous periods of declines (fig. 4N, 
4O, 4P, 4Q, 4R, 5B). For these areas, substantial future 
permanent subsidence caused by aquifer-system compaction 
would not be expected as long as water levels remained 
above their historical low levels, thereby preventing aquifer-
system effective stresses from exceeding the preconsolidation 
stresses. Nearly all of the vertical changes in land surface 
(caused by aquifer-system compaction) that could occur while 
water levels remain above historical low levels would be 
recoverable. 

The areas of greatest subsidence were near the western 
margin of the valley (fig. 8). Water levels in most wells in 
and near the western margin declined to their lowest recorded 
levels each year during 1993–2010 and during much of the 
20th century (figs. 4C, 4D, 4E, 5A, 16, 17). The coincident 
areas of subsidence and declining water levels, and the 
localized character of the subsidence signals that are typical 
of subsidence caused by localized pumping, indicated that 
subsidence was caused by aquifer-system compaction. 
The stresses imposed by the declining water levels and the 
substantial subsidence in the areas of greatest subsidence 
indicated that the effective stresses have exceeded the 
preconsolidation stresses in parts of the aquifer system; if so, 
the subsidence could be largely permanent in these areas. 

Although the areas of greatest subsidence were limited 
to the western margin of the valley, water levels have reached 
historic lows in neighboring areas, where spatially-detailed 
InSAR data indicated much less subsidence (figs. 4A, 4B, 4K, 
5A, 8, 16, 17). Similar hydrographs from areas with differing 
subsidence indicated that fine-grained compressible sediments 
were preferentially deposited in the western margin of the 
valley. The InSAR data indicated that the areal extent of 
subsidence terminates abruptly to the northeast of Palm Desert 
and Indian Wells, forming northwest to southeast trending 
lineaments in the interferograms that are coincident with an 
inferred fault (Jennings, 1977; figs. 8, 9, 11). In La Quinta, the 
areal extent of subsidence was not terminated as abruptly as in 
Palm Desert or Indian Wells, but the magnitude of subsidence 
decreased rapidly over a fairly short distance, which coincides 
with the same inferred fault (Jennings, 1977; figs. 8, 13). 

Abrupt areal changes in subsidence can be the result of faults 
separating compressible from less-compressible deposits or 
acting as barriers to groundwater flow, creating groundwater-
level differences across the faults (Galloway and others, 
1999). Because groundwater levels were similar on both sides 
of the inferred fault (figs. 16A–D, 17A–D), differences in the 
compressibilities of the sediments across the inferred fault 
are probable. Analyses of lithological and geophysical logs of 
wells can provide some clues about the observed subsidence 
patterns that terminate or change character near the inferred 
fault (Jennings, 1977).

The available lithological and geophysical data indicated 
that the aquifer-system on the southwest side of the inferred 
fault (fig. 19A, B) contains substantially more fine-grained 
deposits as compared to the northeast side of the inferred 
fault, where fine-grained deposits are nearly absent (fig. 19C). 
Furthermore, the lithological data on the southwest side of 
the inferred fault and within the Palm Desert and Indian 
Wells subsidence areas indicated clay beds as thick as 
about 61 m (200 ft; fig. 19B). Similarly, the lithological 
data from boreholes near LQ1 (figs. 7, 8, 13, 14), an area 
of rapid subsidence in La Quinta, also indicated thick clay 
sequences (fig. 19D); the aggregate thickness of clay beds 
decreases near the margins of the subsidence in this area 
(fig. 19E). The presence of thick clay beds is consistent with 
the steady subsidence rates calculated for these areas; the 
subsidence rates were fairly steady even during seasonal 
periods of water-level recovery. Subsidence during water-
level recoveries indicates that residual compaction could be 
a substantial component of total compaction in these areas. 
Furthermore, current groundwater levels, many of which were 
the lowest recorded levels, lie within or above sequences of 
thick clay beds. This positional relationship indicates that the 
historically lowered water levels increased effective stresses 
that likely exceeded preconsolidation stresses in some of these 
sequences, which would have caused inelastic compaction.

In the southern part of the La Quinta subsidence area 
near LQ4 and LQ5 (figs. 7, 8, 13, 14), lithologic correlation 
among boreholes generally was not possible, indicating more 
lithologic heterogeneity than in the other subsiding areas. 
The available lithologic data did not indicate the presence of 
thin clay beds in this area (borehole lithologic descriptions 
often are generalized such that thin beds are not described), 
although the rapid subsidence cessation and subsequent uplift 
at LQ5 as water levels recovered starting about mid-2009 
(fig. 16E) indicated they could be present. The rapid change 
in subsidence rates as water levels recovered indicates that 
either residual compaction was not a substantial component 
of total compaction in this area or that the elastic expansion 
of thinner aquitards and coarser-grained material masked 
residual compaction in thick aquitards. If residual compaction 
was not substantial in this area, then substantial subsidence 
is not expected to recur if water levels are maintained above 
2008 levels. However, if there is residual compaction, or 
groundwater levels decline to or below 2008 levels, then 
subsidence can be expected to resume.
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Figure 19. Stratigraphic columns showing lithology, A, within the Palm Desert subsidence area and southwest of an inferred fault; 
B, within the Indian Wells subsidence area and southwest of an inferred fault; C, outside of the Palm Desert subsidence area and 
northeast of an inferred fault; D, within the La Quinta subsidence area; and E, near the margin of the La Quinta subsidence area.
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Future Monitoring
Continued monitoring in the southern Coachella Valley 

is warranted because groundwater levels continue to decline 
to record-low levels in some areas of the valley, and therefore, 
the magnitudes and rates of land subsidence documented 
by this study can be expected to continue. The CVWD 
is currently involved in several agreements and projects, 
however, that could reduce reliance on the groundwater 
resource, and continued monitoring could track the effect 
these agreements and projects have on the aquifer system. 
For instance, Colorado River water allocations are changing; 
complex water transfers according to the Quantification 
Settlement Agreement are being implemented; and mitigation 
measures including tiered rate structures, aquifer-recharge 
projects, and conversion from groundwater to surface water 
resources for irrigation for (primarily) golf courses by the 
Mid-Valley Pipeline Project are being instituted, which 
have the potential to change the reliance on the groundwater 
resource. 

Most of the elevation changes of the GPS network 
monuments between 1996 and 1998, and between 1998 
and 2000, were less than or similar to their measurement 
uncertainties, indicating that more time is needed before 
significant elevation changes can be measured. The changes 
of GPS network monument elevations between 2000 and 
2005, and between 2005 and 2010, were mostly similar to 
their measurement uncertainties, but indicated significant 
subsidence at some monuments. Consequently, GPS 
surveys are recommended at intervals of 5 years. Processing 
of spatially detailed InSAR-derived maps of ground 
displacements, however, could continue annually, or more 
frequently (depending on data availability), because InSAR 
can detect elevation changes as small as 5 mm (0.02 ft; 
Hoffmann and others, 2001). Because InSAR-detected 
areas of subsidence overlap the GPS network, GPS network 
monitoring could provide validation of InSAR measurements, 
as in this study. As InSAR technology matures, it could 
provide improved subsidence measurements in agriculturally 
active areas, such as those in the southern Coachella Valley. 

Detailed lithologic and geophysical logging of 
boreholes could greatly improve knowledge of lithologic 
sequences in the subsurface. Detailed information on the 
individual and aggregate thickness of highly compressible 
fine-grained sediments could improve potential subsidence 
predictions derived from analytical methods or numerical 
hydromechanical models. This lithologic data can be obtained 
as new wells are drilled or existing wells are redrilled.

The frequency of water-level measurements in the 
Coachella Valley is less than those of InSAR measurements 
and, therefore, are too low to permit meaningful interpretations 
of the aquifer-system mechanical response to water-level 
changes. Furthermore, the wells generally have long or 
multiple screens, such that the water-level measurements 
represent a composite of water levels throughout a large 
thickness of the aquifer system. Increasing the measurement 

frequency of groundwater levels in piezometers (wells 
constructed with short screens and small diameters for 
monitoring purposes)—both in areas of known subsidence 
and in areas of relative stability—would substantially improve 
analysis of the relationship between changes in water levels 
and in land-surface elevations. In concert with these more 
frequent water-level measurements, frequent high-resolution 
measurements of aquifer-system compaction, such as from 
borehole extensometers, would improve the analysis of 
aquifer-system response. A low-cost surrogate for this type 
of monitoring site was assembled in 2009 by instrumenting 
a former production well near the CGPS station COTD to 
measure hourly groundwater levels. Information from such 
monitoring sites would be useful for estimating aquifer-system 
properties that govern groundwater flow and land subsidence. 
This information could be useful in constraining a numerical 
model of groundwater flow and aquifer-system compaction 
that could help quantify relations between groundwater levels, 
subsidence, and other geologic processes, and could predict 
land subsidence for various water management scenarios. 

Summary
Groundwater has been a major source of agricultural, 

municipal, and domestic water supply in the Coachella Valley 
since the early 1920s. Groundwater levels declined throughout 
the Coachella Valley from the 1920s until 1949. In 1949, 
the importation of surface water from the Colorado River to 
the southern Coachella Valley began, resulting in decreased 
pumping and recovery of water levels in some areas. Since 
the 1970s, the demand for water in the southern Coachella 
Valley has exceeded the deliveries of the imported surface 
water, and water levels have again declined. The declining 
water levels have the potential to induce or renew land 
subsidence in the Coachella Valley. Results of previous studies 
by the U.S. Geological Survey (USGS) indicated that land 
subsidence could have been as much as 150 millimeters (mm) 
or 0.5 feet (ft) in the southern parts of the valley between 
about 1930 and 1996 (Ikehara and others, 1997).

During 1993–2010, the location and magnitude of land-
surface elevation changes were measured by the USGS by 
using Global Positioning System (GPS) and Interferometric 
Synthetic Aperture Radar (InSAR) techniques. The GPS 
measurements and the images processed for the InSAR 
measurements described in this report span the area from 
Palm Desert on the north to the Salton Sea on the south. GPS 
measurements have traditionally been more useful than InSAR 
measurements for determining vertical land-surface changes 
in agricultural areas. However, application of the persistent 
scatterer (PS) InSAR technique has permitted more detailed 
examination of land-surface elevation changes in agricultural 
areas. GPS measurements taken at 11 geodetic monuments in 
1996 and in 2010 in the southern Coachella Valley indicated 
that the elevation of the land surface changed –136 to –23 mm 
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±54 mm (–0.45 to –0.08 ft ±0.18 ft) during the 14-year period. 
Changes at 6 of the 11 monuments exceeded the maximum 
expected uncertainty of ±54 mm (±0.18 ft) at the 95-percent 
confidence level, indicating subsidence at these monuments 
between June 1996 and August 2010. The GPS measurements 
taken at 17 monuments in 2005 and in 2010 indicated that 
the land-surface elevation changed –256 to +16 mm ±28 mm 
(–0.84 to +0.05 ft ±0.09 ft) during that 5-year period. 
Changes at 5 of the 17 monuments exceeded the maximum 
expected uncertainty of ±28 mm (±0.09 ft) at the 95-percent 
confidence level, indicating subsidence at these monuments 
between August 2005 and August 2010. At each of these five 
monuments, subsidence rates were about the same between 
2005 and 2010 as between 2000 and 2005. 

InSAR measurements taken between June 27, 1995, and 
September 19, 2010, indicated land subsidence from about 
220 to 600 mm (0.72–1.97 ft) in three areas of the Coachella 
Valley: near Palm Desert, Indian Wells, and La Quinta. The 
average subsidence rates in Palm Desert increased from about 
39 mm/yr (0.13 ft/yr) during 1995–2000 to about 45 mm/yr 
(0.15 ft/yr) during 2003–10. The average subsidence rates for 
two subsidence maxima in Indian Wells were about 34 and 
26 mm/yr (0.11 and 0.09 ft/yr) for both periods, indicating 
fairly steady rates; average subsidence rates for the third 
maxima in Indian Wells increased from about 14 to  
19 mm/yr (0.05 to 0.06 ft/yr) between the two periods. 
Average subsidence rates for five selected locations in the 
La Quinta subsidence area ranged from about 17 to 37 mm/yr 
(0.06 to 0.12 ft/yr) during 1995–2000; three of the locations 
had similar rates during 2003–mid-2009, while the other two 
locations had increased subsidence rates. However, decreased 
subsidence rates were calculated throughout the La Quinta 
subsidence area during mid-2009–2010, and uplift was 
observed during 2010 in an area near the southern extent of 
this subsidence area. 

Water-level measurements taken at wells near the 
subsiding monuments and in the three areas of subsidence 
shown by InSAR generally indicated that water levels declined 
from the early 1990s to 2010; in 2010, some water levels were 
at the lowest levels in their recorded histories. An exception 
to annually declining water levels in and near subsiding 
areas was observed beginning in mid-2009 in the La Quinta 
subsidence area, where recovering water levels coincided 
with increased recharge operations at the Thomas E. Levy 
Recharge Facility. The concomitant areas of subsidence 
and declining water levels, and of reduced subsidence rates 
and recovering water levels, indicate that aquifer-system 
compaction likely is causing subsidence. If the stresses 
imposed by the historically lowest water levels in some areas 
caused effective stresses to exceed the preconsolidation 
stress, the aquifer-system compaction and associated land 
subsidence could be permanent. Continued monitoring in the 
southern Coachella Valley is warranted because groundwater 
levels continue to decline to record-low levels in some areas 
of the valley, and the considerable magnitudes and steady 

or increasing subsidence rates documented by this study 
are, therefore, expected to continue. Additionally, as the 
water-supply portfolio of the Coachella Valley Water District 
changes through various projects that could reduce reliance on 
the groundwater resource, continued monitoring can help track 
effects on the aquifer system and help inform future mitigation 
measures.
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Appendix A. Persistent Scatterer Interferometric Synthetic Aperture Radar 
(PS InSAR) Interferograms, Coachella Valley, California
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Figure A2. PS InSAR interferogram for Coachella Valley, California: April 2, 1996–January 8, 1997.
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Figure A3. PS InSAR interferogram for Coachella Valley, California: January 8–October 15, 1997.
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Figure A4. PS InSAR interferogram for Coachella Valley, California: October 15–December 24, 1997.
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Figure A5. PS InSAR interferogram for Coachella Valley, California: December 24, 1997–January 28, 1998.
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Figure A6. PS InSAR interferogram for Coachella Valley, California: January 28, 1998–January 13, 1999.
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Figure A7. PS InSAR interferogram for Coachella Valley, California: February 17–August 11, 1999.
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Figure A8. PS InSAR interferogram for Coachella Valley, California: November 24, 1999–April 12, 2000.
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Figure A9. PS InSAR interferogram for Coachella Valley, California: April 12–November 8, 2000.
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Figure A10. PS InSAR interferogram for Coachella Valley, California:  November 30, 2003–January 23, 2005.
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Figure A11. PS InSAR interferogram for Coachella Valley, California: February 27, 2005–May 28, 2006.
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Figure A12. PS InSAR interferogram for Coachella Valley, California: May 28–November 19, 2006.
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Figure A13. PS InSAR interferogram for Coachella Valley, California: December 24, 2006–March 23, 2008.
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Figure A14. PS InSAR interferogram for Coachella Valley, California: March 23, 2008–March 8, 2009.

Country Club Dr

Clancey Ln

Co
ok

 S
t

Fred Waring Dr

48th St

44th

Je
ffe

rs
on

 S
t

M
on

ro
e 

St

60th St

111

86s

74

86

111

10

10

SWC

54JA

C143

S753

C132

LQ5

LQ4

LQ3
LQ2

LQ1

West Bowl

Palm Desert Max

3rd Bowl
East Bowl

116°20’ 116°10’

33°
40’

33°
30’

0 5 10 Kilometers

0 5 10 Miles

Lake
Cahuilla

Thomas E. Levy 
Recharge

Facility

Indio

La Quinta

Coachella

Palm
Desert

Indian Wells

Mecca

Whitewater River

FREO Global Positioning System (GPS) station and identifier

GPS control station for one or more of
    the GPS surveys and identifier

DUNE

COTD Continuous Global Positioning System (CGPS)
   station and identifier

Geodetic monuments—

Fault—Solid where known;
   dashed where concealed;
   dotted where inferred

Subsidence area

EXPLANATION

Salton Sea

JEFF

FREO

JA54

DEEP

OSDO MANI

MAGF

P572

JOHN

IBOX

C101

K572

VORO

CAHU

5211

R70R

COCH
DUNE

119.2

116.8

TMAP

COTD

sac13-0494_Figure A14

Palm Desert
(Area 1)

Indian Wells
(Area 2)

La Quinta
(Area 3)

Consolidated rock or partly
   consolidated deposits Destroyed or abandoned GPS station and identifierSWC

LQ2

San Andreas fault zone

Coachella branch of the All-American Canal

Relative 
Subsidence Uplift

0 +28 mm–28 mm 

Locations of time-series interpretations
   and identifier

+0.09 ft–0.09 ft 



60  Land Subsidence, Groundwater Levels, and Geology in the Coachella Valley, California, 1993–2010

Figure A15. PS InSAR interferogram for Coachella Valley, California: March 8–August 30, 2009.
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Figure A16. PS InSAR interferogram for Coachella Valley, California: August 30, 2009–September 19, 2010.
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