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Abstract. Land subsidence associated with groundwater-level declines is stipulated as an “undesirable effect”
in California’s Sustainable Groundwater Management Act (SGMA), and has been identified as a potential issue
in San Diego, California, USA. The United States Geological Survey (USGS), the Sweetwater Authority, and
the City of San Diego, undertook a cooperative study to better understand the hydromechanical response of the
coastal aquifer system using Interferometric Synthetic Aperture Radar (InSAR) techniques. Three periods of
interest were analyzed for this study that correspond to the periods before and after two substantial changes were
made to the location and volume of pumpage: (1) April–August 2016 when groundwater levels and land sur-
face elevation were relatively stable during normal pumping, (2) September 2016–May 2017 when groundwater
levels recovered and the land surface uplifted during a period of substantially reduced pumping, (3) June 2017–
October 2018 when groundwater levels declined and land subsidence occurred when pumpage resumed and
expanded to new wells. Spatial and temporal characterization of the hydromechanical response to changes in
pumpage is important for managing land subsidence. Further study using InSAR techniques, especially when
combined with ground-based geodetic and monitoring-well networks, will provide water managers information
to help effectively manage groundwater resources as stipulated in the SGMA.

1 Introduction and background

Groundwater is an important source of water supply for
the San Diego metropolitan areas serviced by the Sweet-
water Authority (SWA). The SWA is a publicly-owned wa-
ter agency and provides agricultural, municipal, and domes-
tic water supply for approximately 190 000 people within
a 93 km2 area. SWA supplies 70 % of demand from lo-
cal supplies; the remaining 30 % is imported from the Col-
orado River, State Water Project, or Sacramento-San Joaquin
Delta (Sweetwater Authority, 2019). In contrast, local wa-
ter sources for the greater San Diego area have accounted
for only about 10 % of demand; the remaining 90 % is im-
ported (Danskin, 2006). In order to maintain a reliable sup-
ply of water and decrease the reliance on imported water,
the SWA expanded its Richard A. Reynolds Groundwater
Desalination Facility (Sweetweater Authority, 2019). Recent

state-wide emphasis on developing alternative water supply
has provided the SWA with grant funding to expand its de-
salination programs, in part by drilling new wells perforated
in brackish groundwater that had previously been considered
unusable for human consumption (Danskin, 2006). Pumpage
from these new wells has the potential to cause groundwater-
level declines, compaction of the aquifer system, and resul-
tant land subsidence in densely populated areas. Because
land subsidence is specifically described as an “undesir-
able result” in California’s Sustainable Groundwater Man-
agement Act (SGMA), the SWA and the City of San Diego
began a cooperative study with the United States Geologi-
cal Survey (USGS) to better understand the hydromechanical
response of the coastal aquifer system under varying hydro-
logic conditions.
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Figure 1. Study area showing Continuous GPS (CGPS) sites, highways, rivers, and Sweetwater River basin, San Diego, California, USA;
(a) Continuous GPS (CGPS) and InSAR time series relative to first CGPS data point at P473; (b) CGPS and InSAR time series relative
to first CGPS data point at P475; (c) stacked interferogram for 21 April 2016–20 October 2018 (excluding 22 May–27 June 2017) with
wells, InSAR time series locations, and InSAR detected lineament; and (d) InSAR timeseries, monthly pumpage volumes and water levels.
Sweetwater River Basin modified from Danskin and Church (2005). Basemap is NAIP imagery from 2014, Universal Transverse Mercator
projection, zone 11N, North American Datum of 1983 (NAD 83).

2 Description of study area

The Sweetwater River basin (Fig. 1) is a major alluvial basin
in the San Diego area. The arid basin has a topographic relief
that ranges from sea level on the west near San Diego Bay

(Fig. 1), to more than 1500 m on the east. The groundwa-
ter system from which pumpage occurs primarily consists of
gravel, sand, silt, and clay (United States Geological Survey,
2019), and comprises two units; a shallow unconsolidated al-
luvial system estimated to be as much as 100 m thick, and a
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deeper semi-consolidated system estimated to be as much as
400 m thick. The contact between the shallow alluvial system
and the deeper system is uncertain; however, a geochemi-
cal analysis indicated that while production wells extract wa-
ter from both the shallow and deep systems, a majority of
pumpage comes from the deeper part of the coastal aquifer
(Danskin and Church, 2005).

3 Interferometric synthetic aperture radar methods

Interferometric Synthetic Aperture Radar (InSAR) is a
satellite-based remote sensing technique that is used to pro-
duce maps of land-surface-elevation change called interfero-
grams. Synthetic Aperture Radar (SAR) imagery is produced
by reflecting radar signals off a target area and measuring
the 2-way travel time. An interferogram is then generated by
differencing (interfering) two SAR images of the same area
taken at different times to map the relative change in appar-
ent line-of-site distance (range change) between the ground
and the satellite. Range change is then converted to vertical
elevation change using the look angle from the satellite to the
target area.

InSAR signal quality is dependent on atmospheric effects,
topography, and other factors. The principal source of er-
ror in the InSAR method applied to the San Diego area re-
sults from atmospheric artifacts caused by non-uniform at-
mospheric water vapor in the form of clouds or fog, and by
variable land-surface elevation (higher elevations have less
atmosphere). Water vapor slows the radar signal, making the
ground appear farther away, and can lead to erroneous de-
formation interpretations (Zebker et al., 1997). A secondary
source of error in the InSAR imagery results from the paral-
lax effect of measuring a point on the ground from two differ-
ent locations in space (each satellite pass) and becomes more
pronounced in areas with steep topographic relief. The rela-
tively flat topography of the Chula Vista area (where land de-
formation was measured) compared to the surrounding hills
and steep cliffs along the coast indicates topography-related
errors are not likely to adversely affect land deformation in-
terpretations. Sneed et al. (2014) describe InSAR methodol-
ogy in more detail.

SAR imagery from the European Space Agency’s
Sentinel-1A satellite was used for InSAR analysis. Sixty
SAR images with acquisition dates between April 2016 and
October 2018 were obtained, and more than 125 interfero-
grams were processed for this study. Twenty-one interfero-
grams with time spans ranging from 12 d to about 8 months
were of suitable quality to be used in the analysis. Interfero-
grams in this study had a spatial resolution of approximately
10 m due to the 10 m resolution of the digital elevation model
used for georeferencing and terrain corrections during pro-
cessing. The high spatial resolution of InSAR imagery can
be coupled with ground-based geodetic monitoring networks
to help improve the accuracy of land deformation measure-

ments at specific locations and can also be used to identify
locations where new geodetic benchmarks could be installed
for more detailed analysis.

To assess the quality of InSAR data, Continuous
GPS (CGPS) data from Scripps Orbit and Permanent Ar-
ray Center (2019) and University Navigation Satellite Timing
and Ranging Consortium (2019) were compared to InSAR
results for 2016–2018 at 4 CGPS sites distributed throughout
the San Diego area: two inland sites, and two coastal sites.
A representative inland site (P473; Fig. 1a) and a represen-
tative coastal site (P475; Fig. 1b) are presented in this re-
port. Day-to-day CGPS height solutions varied by as much
as about 30 mm, which is likely the result of variable atmo-
spheric conditions, random walk noise, and other effects not
related directly to land-surface-elevation change (Zerbini et
al., 2001; Williams et al., 2004; Langbein, 2008). To min-
imize this high-frequency noise and to enable better com-
parison between CGPS heights and InSAR measurements, a
31 d moving average was applied to the CGPS heights; re-
moving day-to-day variations and maintaining seasonal and
long-term deformation trends. Vertical changes at the inland
CGPS sites compare favourably with InSAR time series; the
two datasets show similar trends, and the difference between
CGPS and InSAR data over comparable periods is gener-
ally less than about 5 mm (Fig. 1a). InSAR results from the
coastal sites compare less favourably with CGPS data, where
CGPS and InSAR data can differ by up to about 40 mm
(Fig. 1b). Because the area near P475 has high topographic
relief (this site is near a cliff adjacent to the ocean), it is
suspected that InSAR results at this site were degraded by
spatially localized topographic or atmospheric artifacts that
could not be readily removed. Despite the increased devia-
tions, the variance for InSAR and CGPS data for this coastal
site are similar, and both datasets indicate relative stability
for the majority of the study period. Overall, the comparisons
provide confidence in the measurements of land deformation
using InSAR.

4 InSAR reveals deformation in the San Diego area

The twenty-one interferograms were examined individually
for time-series analysis and stacked to generate a deforma-
tion history between April 2016–October 2018, with only a
single 36 d gap during May–June 2017. Deformation was as-
sumed to be zero during this gap. The resultant stacked inter-
ferogram (Fig. 1c) reveals an elongate north-south trending
land subsidence feature (about 1.5 km by 8 km) where at least
10 mm land subsidence occurred. The feature is in a densely
populated area approximately bounded by the Sweetwater
River on the north, Otay River on the south, San Diego Bay
to the west, and Interstate 805 on the east (Fig. 1). The area
of maximum land subsidence within this feature occurs at its
northern extent near the city of Chula Vista, where as much
as about 75 mm of land subsidence occurred (PT2, Fig. 1c
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and d). A 0.50 km by 0.25 km uplift feature is also noted just
northwest of the land subsidence feature (Fig. 1c), where as
much as about 45 mm uplift occurred about 1.5 km north of
Chula Vista (PT1, Fig. 1c and d).

The stacked interferogram indicates a roughly northwest-
southeast trending lineament that partially limits the lateral
extent of deformation (Fig. 1c). This lineament partially de-
fines the western lateral extent of the land subsidence feature,
and the eastern lateral extent of the uplift feature discussed
previously. In alluvial basins like those in the San Diego area,
the high spatial resolution of InSAR imagery can be used
to infer the locations of groundwater-flow barriers where
groundwater pumping occurs in compressible deposits and
causes differential water levels, and therefore land defor-
mation, across the barrier. Faults commonly are barriers to
groundwater flow caused by the juxtaposition of consolidated
rocks against water-bearing deposits, or from the displace-
ment of preferential flow paths in water-bearing deposits
(Galloway et al., 1999). Further investigation is needed to
better understand the mechanisms that limit the lateral extent
of differential land deformation.

5 Relation of pumpage, groundwater levels and land
deformation timeseries

The relation between pumpage, groundwater levels, and land
subsidence was analyzed to better understand the hydrome-
chanical response of the coastal aquifer system during peri-
ods of varying pumping strategies. In September 2016 and
June 2017, the SWA made substantial changes in the loca-
tion and volume of groundwater pumpage, resulting in three
periods of interest for analysis: April–August 2016, Septem-
ber 2016–May 2017, and June 2017–October 2018.

During the first period (April–August 2016), pumpage pri-
marily occurred in a single well field immediately north of
the Sweetwater River channel, and less than 1 km west of In-
terstate 805 (Group 1 production wells; SDF1, SDF2, and
SDF6, Fig. 1c and d). These wells are perforated in both
the shallow alluvial deposits and the deeper aquifer. Monthly
pumpage volumes were fairly steady; ranging from about
300–400 thousand m3 per month, and groundwater levels
were fairly stable. InSAR analysis showed little to no change
in land-surface elevation during this time.

During the second period (September 2016–May 2017),
pumpage was sharply reduced to enable the SWA to con-
duct aquifer tests before the activation of new wells. Within
the first month of this period, groundwater levels recovered
as much as 30 m, and as much as about 45 mm of uplift oc-
curred near the Group 1 well field (PT1, Fig. 1c and d). After
the rapid water-level recovery and uplift, groundwater levels
and the land-surface elevation remained fairly stable through
May 2017.

During the third period (June 2017–October 2018),
pumpage resumed in the existing well field and began in five

new spatially distributed wells (Group 2 production wells;
SDF7–SDF11, Fig. 1c and d) that were drilled within about
2.5 km south of the Group 1 well field. These wells are
mostly perforated in the deeper system. Pumpage was more
than twice that of the first period (about 750–1100 thou-
sand m3 per month during winter and summer periods, re-
spectively). Within about the first four months of this period
(June to October 2017), water levels declined up to about
35 m, and interferograms indicate about 65 mm of land sub-
sidence occurred (PT2; Fig. 1c and d). Interferograms and
water-level records during October 2017–October 2018 indi-
cate variable land-surface deformation and water levels that
correlate with seasonal changes in pumpage. An increase
in pumpage generally translated to water-level decline and
land subsidence, and a decrease in pumpage generally trans-
lated to water-level recovery and either a slowing of subsi-
dence rates or uplift. The net effect during October 2017–
October 2018 was an additional 5 m of water level decline
and about 10 mm of land subsidence. Water levels in wells
of various depths indicated a response to the changes in
pumpage; however, wells with depths between about 150 and
300 m (28R5, 28R6, Fig. 1d) showed the greatest variability,
which is expected because the majority of pumpage occurs
in this deeper portion of the coastal aquifer. Water levels for
these wells reached their lowest recorded values (over their
less than 10 year history) in October 2018 (Fig. 1d).

6 Conclusions

Groundwater is an important source of agricultural, munici-
pal, and domestic water within the San Diego area. Recently,
the SWA increased the development of brackish groundwater
resources to supplement their local water supply in an effort
to maintain a reliable supply of water and decrease the re-
liance on imported water. Spatial and temporal characteriza-
tion of the hydromechanical response to changes in pumpage
is important to effectively manage water resources as stipu-
lated in the SGMA. A maximum of about 45 mm of uplift
and about 75 mm of land subsidence occurred as a response
to changes in the location and volume of pumpage, and the
lateral extent of deformation is partially controlled by a lin-
eament that could be a barrier to groundwater flow.

Especially when combined with a ground-based geodetic
and monitoring-well network, InSAR techniques will pro-
vide water managers information to help effectively man-
age groundwater. Because the coastal aquifer system in the
San Diego area responded quickly to changes in pumpage,
future changes to water management practices will likely
cause near immediate effects. Further study is necessary to
fully understand the hydromechanical response to changes in
pumpage and whether the land-surface deformation is likely
to be permanent or recoverable.
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