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Abstract we investigate complex surface deformation within the Los Angeles and Santa Ana Coastal
Basins due to groundwater withdrawal and subsequent aquifer compaction/expansion. We analyze an 18
year interferometric synthetic aperture radar (InSAR) time series of 881 interferograms in conjunction with
global positioning system (GPS) data within the groundwater basins. The large data set required the devel-
opment of a distributed time series analysis framework able to automatically decompose both the INSAR
and GPS time series into short-term and long-term signals. We find that short-term, seasonal oscillations of
ground elevations due to annual groundwater withdrawal and recharge are unsteady due to changes in
seasonal withdrawal by major water districts. The spatial pattern of seasonal ground deformation near the
center of the basin corresponds to a diffusion process with peak deformation occurring at locations with
highest groundwater production. Long-term signals occur over broader areas and are ultimately caused by
long-term changes in groundwater production. Comparison of the geodetic data with hydraulic head data
from major water districts suggests that different regions of the groundwater system are responsible for
different temporal components in the observed ground deformation. Short-term, seasonal ground deforma-
tion is caused by compaction of shallower aquifers used for the majority of groundwater production
whereas long-term ground deformation is correlated with delayed compaction of deeper aquifers and
potential compressible clay layers. These results demonstrate the potential for geodetic analysis to be an
important tool for groundwater management to maintain sustainable pumping practices.

1. Introduction

In regions over and adjacent to active aquifer systems, ground deformation can occur as a result of ground-
water withdrawal, long-term drought effects, heavy rainfall, and artificial recharge of the aquifers (e.g., Gallo-
way & Burbey, 2011; Todd & Mays, 1980). Ground deformation is a response to changes in pore pressure in
the aquifers, which changes the effective stress on the aquifer system’s granular matrix and causes contrac-
tion or expansion of the pore spaces. From a natural hazard perspective, land subsidence following ground-
water withdrawal and compaction of aquifer systems is of particular interest when the subsidence is long
term, leading to increased strain on infrastructure, potential formation of earth fissures and surface faults,
and changes to surface water drainage (Galloway & Burbey, 2011). Long-term subsidence can occur as a
result of a slow decline in groundwater levels or permanent compaction due to effective stress levels
exceeding preconsolidation stress levels (Wilson & Gorelick, 1996). More generally, ground deformation due
to extraction of fluids in subsurface reservoirs can be described by short-term, elastic responses and long-
term, inelastic compression or poroelastic rebound processes (Galloway & Burbey, 2011; Todd & Mays,
1980). Many municipal water districts closely monitor hydraulic head data to track pore pressures in order
to maintain sustainable pumping practices and prevent effective stress levels within aquifers from exceed-
ing their preconsolidation levels.

Measurements of ground deformation complement hydraulic head data for groundwater monitoring. Con-
tinuous monitoring of ground elevations at discrete points can be achieved through leveling and global
positioning system (GPS) data. Additionally, GPS data provides measurements of horizontal motions, which
can be useful for quantifying and modeling aquifer properties (Bawden et al.,, 2001; Galloway & Burbey,
2011). Recently, interferometric synthetic aperture radar (InSAR) has proven to be a very useful remote sens-
ing technique for acquiring spatially dense ground deformation measurements for deformation driven by
hydrologic and geothermal fluid processes. Interferograms have been used to observe subsidence in urban
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areas due to groundwater withdrawal (Bawden et al., 2001; Buckley et al., 2003), quantify spatial variations
of geologic structures in irrigated areas (Valentine et al, 2001), and assess sustainability of groundwater
withdrawal and reinjection practices in geothermal plants (Massonnet et al., 1997). From an inverse model-
ing perspective, the spatial density of ground observations from InSAR data has also allowed for estimation
of aquifer system storage parameters (Hoffmann et al., 2003). Studies have shown that InSAR data acquired
over sufficient timespans can be used to quantify seasonal deformation caused by the annual cycle of
groundwater pumping and recharge, as well as longer-term subsidence from accumulated overdraft of
aquifers (Amelung et al, 1999; Bawden et al,, 2001; Galloway et al., 1998; Galloway & Hoffmann, 2007).
Another class of InSAR techniques uses “stacks” of many coregistered interferograms collected over a finite
time period to construct a full time series of ground deformation. These techniques have been used to mea-
sure the evolution of land subsidence in the Santa Clara Valley in California (Chaussard et al., 2014; Schmidt
& Burgmann, 2003), subsidence and uplift in Phoenix, Arizona (Miller & Shirzaei, 2015), seasonal uplift and
subsidence in the Los Angeles area (Lanari et al.,, 2004; Watson et al., 2002), etc.

Ground deformation within and around the Los Angeles area has been measured for several decades using
GPS data from the Southern California Integrated GPS Network (SCIGN) and InSAR data. Historically, the pri-
mary driver for acquiring geodetic data was to quantify the rate of tectonic contraction across the region
and the rate of elastic loading on potentially seismogenic faults such as those involved in the 1987 Whittier
Narrows and 1994 Northridge earthquakes (e.g., Watson et al., 2002). However, many of the geodetic signals
used to study these fault systems are contaminated or completely obscured by nontectonic processes such
as groundwater pumping and oil extraction (Bawden et al., 2001). Several geodetic studies have thus aimed
to quantify the total contribution of nontectonic sources of deformation for the Los Angeles area.

Bawden et al. (2001) used a series of interferograms from 1997 to 1999 to observe several anthropogenic
deformation processes in the basins surrounding the Los Angeles area, including seasonal uplift and subsi-
dence due to groundwater withdrawal in the Santa Ana Coastal Basin which is the primary source of
groundwater for Orange County. The larger magnitude of the subsidence signal as compared to the uplift
(60 mm for the former, 50 mm for the latter) implied a net subsidence signal in the basin thought to be due
to inelastic compaction of lower permeability aquitards within the aquifer system. Watson et al. (2002),
Lanari et al. (2004), and Zhang et al. (2012) extended the analysis by Bawden et al. (2001) by including more
interferograms over a longer time span. In particular, Lanari et al. (2004) applied the small baseline subset
(SBAS) algorithm (Berardino et al., 2002) to produce a time series model from 1995 to 2002. Cross correla-
tion of the spatially varying time series with a reference sinusoid was performed to compute a time shift for
each ground point. This time shift map revealed sharp boundaries for the region of the basin responding to
the annual groundwater withdrawal and recharging, and heterogeneous time shifts within the basin also
suggested lateral variability in hydraulic conductivity. The spatially dense measurements of ground defor-
mation provided by InSAR time series can therefore elucidate subtle characteristics of time-dependent
ground deformation within the basin due to changes in aquifer pressure caused by anthropogenic and nat-
ural processes. In these studies, seasonal oscillations were generally quantified in an average sense under
the assumption that the oscillations were purely sinusoidal with a period of 1 year.

In this study, we first explore the geologic and hydrologic setting of the coastal basins in the Los Angeles
area. Following a brief discussion on how groundwater-level changes drive ground deformation in section
2.2, we examine the time history of groundwater levels for the main aquifer systems in section 3.1 using
hydraulic head data from the Water Replenishment District (WRD) in Los Angeles and the Orange County
Water District (OCWD). We show time series that exhibit highly complex time histories with time-varying
seasonal variations and various longer-term trends related to background groundwater levels. We then per-
form an initial comparison between groundwater levels and surface deformation using GPS data to show
that deformation signals with short-term variations are driven by short-term variations in the principal aqui-
fer system while long-term deformation signals appear to be driven by long-term variations in the deeper
portions of the aquifer system.

In section 4, we perform an InSAR time series analysis on an expanded data set that includes interferograms
from 1992 to 2011 to investigate the spatial variations in short-term, seasonal ground deformation. By using
the assumption that seasonal ground motions can be represented by a linear combination of sinusoids, we
can compare the timing and amplitude of peak seasonal deformation of ground points within the basin to
study the effects of aquifer geometry, groundwater pumping practices, and hydraulic conductivity on the
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ground response. This method of time series analysis is similar to the ones used in Bawden et al. (2001) and
Watson et al. (2002). However, since both hydraulic head and ground deformation time series show nonsi-
nusoidal seasonal variations, in section 5, we develop a new method for InSAR time series analysis that
automatically decomposes the time series into generic long-term and short-term signals. We compare the
decomposed InSAR time series to all available monitoring wells to better understand the relationship
between deformation signals of different durations and different regions of the groundwater system.
Finally, in section 6, we discuss how these results are related to groundwater management with regards to
sustainable pumping practices and we relate several of our INSAR observations to physical processes based
on groundwater dynamics.

2, Background

2.1. Hydrogeology and Structure of the Los Angeles Basins

The Los Angeles area consists of several basins containing groundwater systems, including the Los Angeles
Central and West Coast Basins and the Santa Ana Coastal Basin in Orange County (Figure 1). The Central
and West Coast Basins lie within Los Angeles County and are monitored by WRD whereas the Santa Ana
Coastal Basin lies within Orange County and is monitored by OCWD. The Los Angeles Central Basin (hereaf-
ter referred to as the Central Basin) is separated from the West Coast Basin by the northern portion of the
Newport-Inglewood Fault Zone (NIF), which acts locally as a barrier for fluid flow between the two basins
(Thiros et al., 2010). In this study, we focus on ground deformation within the Central and Santa Ana Coastal
Basins. While this region is tectonically active (about 4 mm/yr of uniaxial contraction along thrust faults;
Bawden et al.,, 2001), motion along the major faults bounding the basins is relatively minimal compared to
the seasonal motion caused by groundwater fluctuations (less than T mm/yr for NIF; Southern California
Earthquake Data Center, 2012).

Both the Central and Santa Ana Coastal Basins have groundwater systems with similar structural characteris-
tics. The forebay area occupies about 38 percent of the Santa Ana Coastal Basin and occupies the eastern
region that meets the Santa Ana Mountains (Figure 1). Here unconfined vertical movement of water is not
restricted by laterally extensive clay layers (Woodside & Westropp, 2015). Groundwater recharge occurs
mainly in the forebay area. The confined area (also known as the
“pressure area”) is considerably larger and extends from the western
edge of the forebay area to the Pacific Ocean (Thiros et al., 2010).
Here there are laterally continuous thick layers of silt and clay that
restrict vertical flow of groundwater, causing aquifers to be under con-
fining pressure. While the actual groundwater system consists of sev-
eral contiguous aquifer units, clay interbeds, and confining aquitards,
the OCWD has developed a simplified model consisting of shallow,
middle (principal), and deep aquifer systems to approximate ground-
water flow (Figure 2; Ehman et al., 2014; Woodside & Westropp, 2015).
The shallow aquifer system generally spans depths of up to 60 m for
most of the basin and is unconfined in the forebay region. The princi-
pal aquifer system, which supports over 90% of the basin pumping in
Orange Country, is generally greater than 300 m thick for much of the

1 18'éO'W 1 18"‘1 5'W 1 18°bO'W
Figure 1. Location and tectonic setting of the Los Angeles Central and West
Coast Basins and the Santa Ana Coastal Basin. The thick gold lines represent
major faults in the area, including the Newport-Inglewood Fault (NIF), the Whit-
tier Fault (WF), the Palos Verdes Fault (PVF), and the Hollywood Fault (HF). The
thin black lines indicate county boundaries, and the thick blue line corresponds
to the Santa Ana River. The Prado Dam on the east side of the Santa Ana Moun-
tains is the primary flood control facility for the downstream Santa Ana River.
The dashed red line indicates the approximate boundary between the forebay
and confined areas of the groundwater system modified from estimates by the
WRD and OCWD. The inset shows the location of the study area along the
California coast.

basin. The deep aquifer system, which is limited in production capabil-
ity due to the presence of amber colored groundwater (which
requires extra treatment to remove colors and odors from the water),
defines water-storing units up to 600 m in depth in the center of the
Santa Ana Coastal Basin (Woodside & Westropp, 2015).

2.2. Aquifer Compaction Theory

The relationship between ground deformation and aquifer pressure
for confined aquifers can be explained using groundwater flow theory
based on the Principle of Effective Stress (Terzaghi, 1923). Effective
stress can be expressed as
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Figure 2. Stratigraphic framework of the Los Angeles Basin (modified from Sheet 19 in Ehman et al., 2014). Aquifer structure is interpreted from connected seismic
lines within the basin (red line in map inset). Boundaries of stratigraphic sequences are indicated by solid colored lines, and the locations and depths of several
United States Geological Survey (USGS) monitoring wells projected onto the seismic line are also shown. The purple shaded area indicates the approximate depth
extent of the “principal” aquifer system, i.e., the depth range where most groundwater withdrawal occurs. The orange shaded area indicates the deep aquifer
system while the unshaded sequences are associated with the shallow aquifer system. One second in two-way travel time is approximately equal to 1.1 km.

O‘,{J-ZO';j—a,‘jp, (1)

where ajj and ¢; are components of the effective and total stress tensors, respectively, p is the pore fluid
1,ifi=j

pressure, and J; is the Kronecker delta where ;= . Assuming a Newtonian fluid and strains pri-
0,ifi #j

marily for the zz component (due to the natural horizontal orientation of aquifer units), we can simplify

equation (1) to

0, =0,—p. 2)

zz

By also assuming that changes in the total/overburden stress are negligible for our study period (since
hydraulic head changes do not change the state of the confining units), changes in effective stress can then
be simply expressed as

Acl,=—Ap. 3)

Note that the assumption of constant overburden stress does not apply to unconfined aquifers since by def-
inition they are not under confining stress. It can be shown that changes in stress can be related to changes
in hydraulic head as (Heath, 1982)

Acl,=—p,gAh, @)

where h is the hydraulic head, p,, is the density of water, and g is the gravitational acceleration constant. In
order to relate pore fluid pressure changes to ground deformation, we use the definition for one-
dimensional skeletal compressibility, ¢, as the ratio of vertical strain to vertical effective stress:

L ~Ab/b

/ )
Adl,

(5)

where the Ab is the change in thickness of a control volume with initial thickness b (Galloway & Burbey, 2011).
This equation thus relates the compaction and expansion of sediments to changes in effective stress; integrated
compaction over the entire depth of the aquifer system is equivalent to what we measure as land subsidence
(Chen et al, 2016). The skeletal specific storage, S5, =p,,ga, can be used to combine equations (4) and (5) as

Ab
Sskb=5k=ﬂv (6)
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where S is the skeletal storage coefficient. The storage coefficient (storativity), S, is the sum of S, and a com-
ponent of the aquifer system storage attributed to the compressibility of water; therefore, when water is
assumed to be incompressible, S = S,. This same relationship holds for the specific storage, S, and the skele-
tal specific storage, Ss,. In unconfined aquifers, the storativity is also controlled by the specific yield, S,, such
that S=S,+5s,b. However, in unconfined aquifers, the contribution from the specific yield is usually much
larger than that due to compression of the aquifer.

Consolidation experiments on typical sediments have shown that specific storage for a given material can
behave very differently depending on whether the effective stress is above or below the preconsolidation
stress (i.e., the previous maximum effective stress). This boundary essentially separates the regimes of elastic
and inelastic deformation depending on the head level. To account for these two regimes, two separate
skeletal specific storages are used:

Sgk =

S, foral, < a,
e 2z (pre)
{ @)

S for OJzz 2 G;z(pre)’

where S5, and Ss,, are the elastic and inelastic skeletal specific storage coefficients, respectively. In the
inelastic regime when head drops below the preconsolidation level (the previous level of minimum hydrau-
lic head), irreversible loss of water storage occurs, and in the case where this state persists, the skeletal spe-
cific storage is expected to vary proportionally to the logarithm of the effective stress (Galloway & Burbey,
2011). From a water management perspective, the preconsolidation level is used to define sustainable
pumping rates in order for aquifer deformation to remain elastic.

3. Groundwater Level and Ground Deformation Time History

3.1. Monitoring Groundwater Levels With Hydraulic Head Time Series

Since the primary driver of ground deformation within the coastal basins is changes in aquifer pressure (sec-
tion 2.2), we gather data from several multiport monitoring wells located within the coastal basins that mea-
sure hydraulic head levels at various aquifer depths. Here we use twelve monitoring wells operated by WRD
and thirty wells operated by OCWD (Figure 3). For both sets of wells, the depths of the sample ports allow
us to determine hydraulic head levels for distinct aquifer units. For unconfined aquifers, the hydraulic head
is the elevation of the water table where the hydrostatic pressure of the water is equal to the atmospheric
pressure. For confined aquifers, the hydraulic head level corresponds to the piezometric (or potentiometric)
surface, which is the elevation water would rise to in a piezometric well (Todd & Mays, 1980). Groundwater
levels as measured by hydraulic head time series for OCWD well sta-
tion SAR-9 (located in the middle of the Santa Ana Coastal Basin
encompassing the confined aquifers) show large annual oscillations,
particularly at the depth of the principal aquifer system (Figure 4).
These oscillations are caused by the annual cycle of groundwater
recharge (artificial and natural) and withdrawal. From the early 1990s
to the mid-2000s, groundwater levels typically peaked around March
after the rainy season and are at their lowest toward the end of the
summer during the heaviest periods of groundwater withdrawal. This
time period also corresponds to the largest annual fluctuations in
groundwater levels due to water storage programs that encouraged

A GPS

O WRD well -
& OCWD well m
ON=7g50w  T1815W  T1800W  11745W

Figure 3. Distribution of continuous GPS and well data used in this study. The
white circles correspond to WRD wells used in this study while the white dia-
monds correspond to OCWD wells. The black triangles show the GPS coverage
in this area. Hydraulic head time series for OCWD well station SAR-9 is shown in
Figure 4. GPS data were acquired from the Scripps Orbit and Permanent Array
Center (SOPAG; http://sopac.ucsd.edu/). All GPS data used in this study have
been postprocessed for outlier removal and common mode filtering.

increased groundwater withdrawal during the summer months when
regional demand for imported water is higher (Woodside & Westropp,
2015). Superimposed over the annual water-level fluctuations are
longer-term variations. Generally, we can observe a decrease in overall
water levels, which started in 1970 after the basin was essentially
refilled after replenishment from Colorado River water (Woodside &
Westropp, 2015). We can also observe two transient increases in
groundwater levels in 2005 and in 2012, both of which followed peri-
ods of decreased pumping activity due to increased water flow (base
flow from the upstream watershed plus storm runoff) into the Santa
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Figure 4. Hydraulic head time series for OCWD well SAR-9 for selected ports in
the shallow, principal, and deep aquifer systems. The dots represent the raw
head data while the solid lines are interpolated data using smoothing splines.
The green bars represent the total water flow into the Santa Ana River (base
plus storm flow) measured at Prado Dam (Woodside & Westropp, 2015). The
largest head variations occur in the principal aquifer system, where the
majority of groundwater withdrawal occurs.

Ana River. Note that during other periods of increased water flow into
the Santa Ana River (e.g., around 1995 and 1998), groundwater levels
did not see a corresponding increase because groundwater produc-
tion was not adjusted in response to the increased inflow (see section
6.1 for further discussion).

3.2. Groundwater Diffusion and Varying Response Times

Since groundwater is pumped at discrete points within the Central
and Santa Ana Coastal Basins, we expect spatial variations in hydraulic
head changes in response to pressure gradients. Low permeabilities
in clay interbeds and confining units can cause time delays in hydrau-
lic head levels from one aquifer unit to another, as well as intraaquifer
delays. Additionally, variations in aquifer thickness can affect the prop-
agation of hydraulic head changes.

Three-dimensional flow of ground water in porous media can be
described by the differential equation for a control volume (e.g.,
Jacob, 1950; Keranen et al., 2014):

ovy , Ovy  Ov, _ oh

o ey T S Aty ®)

where v,, v,, and v, are the rectangular components of the instantaneous bulk fluid velocity in the control
volume, and Q(t, x, y, z) is a source term that can vary in time and in space. For the purpose of this discus-
sion, we assume one-dimensional flow in the x-direction. From equation (8), it can be shown that propaga-
tion of hydraulic head in an aquifer can be written as (Hantush, 1962)

9b0h
Ox Ox

OK Oh 0%h oh

where K=K (x) is the hydraulic conductivity and b=b(x) is the aquifer thickness. In the special case of flow
through an aquifer with uniform thickness and conductivity, equation (9) can be written as (Fetter, 2000)

9*h __oh

For the following discussion, let us assume a point source, Q(t,x)=Q(t)d(x—xo), and assume Q(t) is periodic
to represent groundwater recharge and withdrawal. Therefore, for a time-varying source with a temporal
frequency w, Q(t)=cos wt, the solution to equation (10) will have the approximate form (Guenther & Lee,

1996):

h(x,t) = e~ V2ol s <\/2w\xfxo|iwt). (11)

In the above equation, there is a frequency dependent attenuation term that would damp out the diffusion
of the hydraulic head at higher source frequencies. In other words, head variations due to a point source
perturbation in water pressure (such as a production well) would decay more rapidly away from the source
for a faster withdrawal/pumping cycle. The wt factor in the periodic term in the above equation controls
the rate of diffusion, or hydraulic response time, of the pressure perturbation. For larger o, we would expect
a shorter response time. By solving for the homogeneous solution to equation (10), we can also estimate
the material-dependent response time for confined aquifers as (Alley et al., 2002)

T*=S,L2/K, (12)

where T* is the response time and L, is a characteristic thickness for a specific aquifer unit. By defining the
hydraulic diffusivity as the ratio K/S;, it can be seen that aquifers with a higher diffusivity would experience

shorter response times.

To assess timing differences in the vertical dimension, we use the SAR-9 hydraulic head data to estimate
the amplitude and time to peak signal for the annual oscillations in head. Since the head data contain both
seasonal variations and long-term trends, we model the time series as a linear combination of sinusoids
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with annual and semiannual periods for the seasonal signal and third-order integrated B-splines (hereafter
referred to as B'-splines; see Hetland et al., 2012) for the transient, long-term trends:
2 2n

. 2n
h(t):z; {a,»cos T t+b;sin ?it
e

32
+Zc,~B’(t—t,-),
=

where T;=0.5 years and T,=1 year, and Bi(t—z‘j) represent the B’-splines centered at time t; (Hetland et al,,
2012). Here we partition the data time span into 32 evenly spaced knot times t; so that the B-splines each
have an effective duration of 2 x (t;—t;—1). We estimate the coefficients a;, b, and ¢; simultaneously using
regularized least squares for the cost function:

J(m)= argmin ||h—Gm|2+m’Cp 'm, (14)

m
where h is the time series data, G is the temporal design matrix containing the sinusoids and B-splines
along the columns, m is the vector of coefficients of the elements in G, and Cy, is a prior covariance matrix

for regularization. For this analysis, we set C, to be the identity matrix with an optimal scaling coefficient
selected using k-fold cross validation. After estimating m for each well, we can compute the amplitude and

phase delay for each seasonal component as
A=y Ja+b2, (15)

-
¢;=tan <ai), (16)

where A; is the amplitude and ¢; is the phase delay, or time to peak signal. We repeat this procedure for the
time series at each port depth to estimate the time to reach peak head levels for the seasonal signal between
1996 and 2006 (supporting information Table S2.1) and for the transient increase starting in 2004-2005

100

200

w
o
o

Port depth (m)

400

500

[e-e Seasonal
@ 2005 increase

6000 2 4 6

10 12 14 16 18 0 20 40 60 80 100 120 140
Peak-to-peak Ah (m) Time of peak signal (days)

8

Figure 5. Depth profile of (left) amplitude and (right) phase delay of SAR-9 hydraulic head data. The blue lines correspond to
the average seasonal oscillations while the red lines correspond to the water-level recovery signal initiating in 2004/2005 due
to decreased pumping activity. The horizontal shaded areas centered on the blue and red lines indicate the uncertainties asso-
ciated with those values. The vertical shaded areas represent the depths corresponding to the three aquifer system layers as
estimated by the OCWD three-layer model, and the brown hatched regions indicate the approximate range of depths of the
aquitards separating the aquifer system layers. The amplitudes for both the seasonal oscillation and transient increase are
largest in (left) the principal zone; correspondingly, the phase delays are shorter in (right) the principal zone.
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caused by a decrease in overall groundwater withdrawal (Figure 5). For both the annual and transient peak
signals, we observe that water levels in the principal aquifer system reach peak levels earlier than both the
shallow and deep aquifer systems. The peak-to-peak seasonal increases in water levels are much higher in the
principal aquifer system, which is expected since 90% of groundwater withdrawal is from the confined princi-
pal aquifer system.

The depth-dependent timing for the annual signal and 2004-2005 transient signal are noticeably different.
It appears to take longer for hydraulic head levels to equilibrate for the 2005 increase than for the annual
cycle. These observations are consistent with the solution to 1-D diffusion in equation (11). The transient
increase in groundwater levels following 2005 has an effective period of ~4 years while the seasonal cycle
of recharge and withdrawal has a period of ~1 year. The former has a slower rate of diffusion but lower
attenuation of head amplitudes within the aquifer system whereas the latter has a higher diffusion speed
but much more rapid attenuation of amplitude with depth. We conclude that the timing differences
between these two processes are entirely due to variations in the temporal character of the source.

Propagation of hydraulic head is described by a three-dimensional diffusion process. We thus investigate
timing differences in the horizontal direction by estimating the average time of peak hydraulic head for all
wells in the principal aquifer system using the same modeling procedure in equation (13). Because the
OCWD model for the depths of the shallow, principal, and deep aquifer systems is only an approximation of
the actual basin structure, we classify monitoring wells as being located within the “principal” aquifer sys-
tem primarily by the characteristics of their hydraulic head time series. Specifically, for each well, we choose
ports with the largest seasonal variations in head levels (typically more than 2 times the variations of the
shallowest ports) and with similar times of peak hydraulic head (1-2 months differences in peak head times)
since diffusion should be relatively fast in the principal aquifer system. We then compute the median peak
time of those ports to represent the peak time for that well.

Monitoring wells in the center of the basin have earlier peak times than wells in the margins of the basin
(Figure 6). The principal aquifer system generally reaches peak groundwater levels between February and
March in the central region of the basin while the margins peak between March and April. Since the princi-
pal aquifer system is thickest and most productive in the center of the basin, the majority of groundwater
production is obtained from units in the basin center. Thus, the earlier peak times for the central monitoring
wells are mostly controlled by the timing of nearby pumping activity. Within about 10-15 km from the
basin center, and particularly in the Santa Ana Coastal Basin, we can observe a gradient in peak times from
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Figure 6. Time to peak seasonal signal for hydraulic head data from well ports located in the principal aquifer system.
Large-scale production wells (wells with seasonal withdrawal volume amplitudes greater than 3.7%x10° m® [300 ac ft]) are
indicated by black diamonds. Wells in the center of the basin closer to areas of concentrated pumping reach their peak
signals earlier in the year compared to wells in the margins of the basin. Inset shows timing of wells projected onto the
A-A' line. The dashed white line indicates the approximate boundary between the forebay and confined areas.
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the center toward the margins, which suggests horizontal propagation of pressure away from the main
pumping sites. Comparison of the propagation speeds of groundwater in the vertical and horizontal direc-
tions in the center of the basin for the annual cycle reveals that propagation speeds are approximately 1
order of magnitude slower in the vertical direction than the horizontal direction (~30 m/d versus ~300 m/
d, respectively). This discrepancy is consistent with the general observation that vertical conductivity is
much lower than horizontal conductivity due to the horizontal orientation of bedding and the likely pres-
ence of laterally continuous clay beds within the main aquifer units that impede vertical groundwater flow.
This propagation signal becomes a little less clear in the Central Basin in Los Angeles County, which is likely
affected by the existence of a shelf that extends east from the NIF limiting the interconnectivity of aquifer
units.

The later peak times in the eastern margin of the basin (closer to the recharge zone) are later than expected
for normal horizontal diffusion. Groundwater flow in this area is substantially different than in the center of
the basin due to the unconfined and semiconfined nature of aquifer units that are pumped in this area.
Due to the bowl-shaped structure of the basin and the overall thinning of aquifers from the center of the
basin toward the margins, groundwater withdrawal in the center of the basin occurs primarily from younger,
shallower units while withdrawal in the margins occurs primarily from older, deeper units that are likely
folded and deformed (see Figure 2). These stratigraphic differences will also be associated with large varia-
tions in storage coefficient between confined and unconfined aquifer units. Therefore, the later delay times
for the wells in the eastern margin may be due to the effect of greater vertical propagation of groundwater
from older units to younger units and large lateral variations in storage coefficient. Other factors could
include lateral variations in hydraulic conductivity or the presence of faults acting as barriers to fluid flow.

3.3. Ground Deformation History

From equation (6), we know that ground deformation over a confined aquifer is approximately proportional
to changes in hydraulic head under certain simplifying assumptions, mainly that aquifer or aquitard com-
pression and expansion is elastic for effective stress levels less than the previous maximum effective stress.
The proportionality constant in the elastic relationship is the skeletal storage coefficient, Sy. However,
ground deformation can also be affected by inelastic compaction of clays in aquitards and clay-rich inter-
beds. In this case, ground deformation will not be correlated with hydraulic head and is expected to vary
exponentially with time (Chaussard et al., 2014). The exponential relationship is derived from the theory of
hydrodynamic consolidation and is used to describe the delayed response of fine-grained materials after
effective stress levels have surpassed previous maximum levels.

We start with the hypothesis that all deformation within the basin is elastic. For short-term signals driven by
the annual cycle of groundwater withdrawal and recharge, this assumption is most likely to be true since
groundwater levels over the past two decades have been consistently higher than levels in the first half of
the twentieth century (Woodside & Westropp, 2015). Additionally, the common driving mechanism for
inelastic deformation associated with compressible materials typically occurs over a long time span,
although rapid, substantial stress increases can also lead to rapid inelastic deformation. In order to test the
hypothesis of purely elastic deformation, we must compare short-term deformation signals with short-term
variations in hydraulic head and long-term deformation signals with long-term variations in hydraulic head.
As discussed in section 1, the observed deformation on the ground surface is a result of the integrated com-
paction of aquifers and aquitards along the entire depth of the aquifer system. However, we also know that
there is a time delay for a pressure perturbation to diffuse throughout an aquifer system (e.g., Figure 5). This
time delay is dependent on hydraulic diffusivity along the diffusion path and the rate of pressure change at
the pressure source (e.g., groundwater withdrawal rate). Therefore, different regions of the aquifer systems
will be compacting/expanding at different times. By comparing ground deformation time series with
hydraulic head time series at various depths, we can estimate the effective depth at which aquifer deforma-
tion is most correlated with ground deformation. In the ideal case, this depth would approximate the depth
of a hypothetical localized pressure source.

We examine vertical displacement data from the GPS station SACY, which is part of SCIGN and is located
about 1.4 km away from the SAR-9 well (Figure 3). We decompose both the GPS vertical displacements and
the SAR-9 head time series into long-term and short-term (seasonal) signals using a modified form of equa-
tion (13). Instead of using sinusoids to model the seasonal signals, we use a linear combination of third-
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order B-splines (different than the integrated B-splines used for transient signals) to allow for seasonal sig-
nals with time-varying amplitudes and phase delays. We assign the temporal support of the B-splines such
that the seasonal signal each year is described by a linear combination of B-splines spaced 0.2 years apart.
With this approach, we could reconstruct seasonal signals with wide variations from year to year. In this
study, we construct Cp, in equation (14) such that B-splines are independent while B-splines are correlated
with other B-splines that share the same centroid time within any given year (e.g., B-splines centered in
March are correlated with other B-splines centered in March). We assign the correlation strength for the B-
splines to be exponentially decaying in time with a decay time of two years. The decay time was experimen-
tally chosen in order to maintain the flexibility of the B-splines to model time-varying seasonal signals while
still enforcing a level of coherency from year to year.

After decomposing the SACY vertical displacements and the SAR-9 hydraulic head time series at multiple
port depths into long-term and short-term components, we compute the Pearson correlation coefficients
between each head time series and the GPS time series. We fit the correlation coefficient depth profiles
with third-order polynomials in order to reduce the noise of the coefficient estimation and estimate the
depth of maximum correlation between hydraulic head and ground deformation. We then compute an
optimal scaling factor between the GPS and head time series at the depth of maximum correlation (analo-
gous to Si in equation (6)).

For both the long-term and short-term components, the vertical ground displacement data is well matched
by hydraulic head variations at a given depth (Figure 7). The transition from regular groundwater fluctua-
tions (caused by the annual cycle of recharge and withdrawal) to unsteady oscillations between 2008 and
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Figure 7. Cross correlation analysis between SAR-9 head data and SACY GPS data. The upper plots correspond to short-
term, seasonal signals for both data sets while the lower plots correspond to long-term signals. We iterate over the time
series at each port depth, compute the Pearson correlation coefficient between well and GPS data, and estimate the
storage coefficient (scaling parameter) to best match the well and GPS data. We perform 100 bootstrap trials with random
subsets of the data in order to estimate uncertainties in the correlation coefficients. The right plots show the mean
Pearson correlation coefficient (and 95% confidence interval) between the time series at each port depth and the SACY
GPS time series. The dashed black line corresponds to a third-order polynomial fit to the mean correlation coefficients,
and the red star indicates the location of maximum correlation. The depths of best correlation are different for the
short-term and long-term signals. For the left plots, SACY data are shown with blue dots and the scaled well data for the
depth of maximum correlation are shown solid red lines. The optimal scaling factors are indicated by 7. The red shaded
area represents the uncertainty in the scaling of the well data.
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2012 (caused by a change in annual pumping practices) can be observed in the short-term GPS signal. Addi-
tionally, the long-term decrease in water levels and two periods of lower pumping activity due to greater
water availability are manifested as vertical subsidence and uplift, respectively. We find that the seasonal
ground deformation is best correlated with hydraulic head variations at a depth of about 450 m. Interest-
ingly, the depth of best correlation for the long-term ground deformation is deeper (~580 m). In the next
section, we perform a similar comparison of hydraulic head to ground deformation using an 18 year InSAR
time series. The spatially dense observations provided by InSAR allow us to assess the time-dependent
ground deformation at every well location, which is an advantage over the sparse GPS network over the
coastal basins.

4. Central and Santa Ana Basin InSAR Time Series

We use 165 SAR acquisitions from the European Space Agency ERS (European Remote Sensing) and Envisat
satellites spanning from 1992 to 2011 to form 881 interferograms. The maximum perpendicular baseline
(spatial separation between orbits) is 480 m, which is reasonable for isolating ground deformation over met-
ropolitan areas for C-band SAR instruments. The temporal repeat times range from 35 to 210 days, although
after 1995, the repeat times are generally 35 or 70 days which is sufficient to model most deformation sig-
nals observed in the GPS data. We use a coherence threshold of 0.4 to mask poorly resolved areas (such as
over water) and any areas with unwrapping errors. Interferometric phase contributions due to topography
are removed using a digital elevation model (DEM) produced by the Shuttle Radar Topography Mission
(SRTM) with approximately 30 m spacing (Farr et al., 2007). We estimate and remove phase delays due to
atmospheric effects using global atmospheric reanalysis data from the European Center for Medium-Range
Weather Forecasts (ECMWEF; Jolivet et al,, 2014). We also remove long-wavelength signals due to orbital
errors by estimating a two-dimensional linear ramp for each interferogram. Finally, we reference the time
series to a 400 m X 400 m window colocated with the SCIGN GPS station SNHS which is located in an area
of high coherence showing stable ground motion unaffected by groundwater withdrawal (Figure 3).

4.1. Seasonal Amplitude and Phase Maps

We first reconstruct the InSAR time series using the same time parameterization approach as equation (13)
where we assume the ground deformation can be described as a superposition of sinusoidal seasonal and
transient effects and estimate the sinusoidal and B-spline coefficients independently for each pixel (Hetland
et al, 2012). We limit our initial analysis of the InSAR time series to interferograms prior to 2008 to reduce
the effect of changes in annual pumping practices on the time series reconstruction. In supporting informa-
tion section S1 and section 5, we describe our method for performing a fully spatiotemporal time series
analysis for the full time series to account for nonsteady seasonal and transient deformation. At this point,
our primary goal is to examine the characteristics of the steady seasonal deformation prior to 2008, and our
experiments show that a pixel-by-pixel approach is suitable for estimating the coefficients of the sinusoidal
components. We can then generate maps of seasonal amplitude and phase using equation (15) for each
pixel.

Maps of the estimated amplitude and phase for the seasonal signal between 1992 and 2008 show that
most of the seasonal deformation is concentrated within the Los Angeles and Santa Ana Coastal Basins in
the region corresponding to the confined aquifer system (Figure 8). The maximum peak-to-peak amplitude
is 5 cm in the southern end of the Santa Ana Coastal Basin, which agrees with the results obtained by Baw-
den et al. (2001), Watson et al. (2002), and Lanari et al. (2004). We can also observe a smaller pair of high-
amplitude regions closer to Long Beach with amplitudes of 3 cm. Here withdrawal occurs primarily at older
sequences that have been folded up closer to the land surface. Low vertical permeabilities at these older,
deeper sequences result in large water-level variations at these pumping sites in response to pumping
stress. The seasonal amplitude decreases rapidly outside of the confined aquifer systems, particularly in the
western edge of the basin bounded by the Newport-Inglewood Fault (NIF) where the fault is an effective
barrier to across-fault fluid flow. This effect can also be observed in the map of the seasonal phase where
the ground east of the NIF has a peak signal in March whereas the ground west of the NIF has a peak signal
in July. The seasonal amplitude decreases rapidly to the north toward the forebay in Los Angeles where
aquifers are semiconfined/unconfined, reducing the water-level response to groundwater withdrawal.
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Figure 8. Maps of seasonal peak-to-peak amplitude and phase delay. The dashed black lines show the location of the
transects used for the bottom plots. The dashed white line indicates the approximate boundary between the forebay and
confined areas. The arrow indices the satellite-to-ground line-of-sight (LOS) direction. The red circle in the map of sea-
sonal phase delay shows the location of a discontinuity in amplitude and phase within the basin. For the lower transect
plots, blue lines correspond to the phase delay while the dashed red lines correspond to the peak-to-peak amplitude. In
general, the deforming areas of the basin correspond to the confined aquifer system.

In general, the seasonal amplitude appears to be inversely correlated with the seasonal phase in the center
of the basin, i.e,, higher amplitude areas peak earlier in the year, which suggests that groundwater dynamics
here follow a diffusion process. The central areas of the basin experience the highest amplitudes and earli-
est peak times, and we observe delays as one moves toward the margins of the basin. From section 3.2, we
observed a similar delay in hydraulic head from the well data, suggesting that the main driver of the delay
in ground deformation in the central regions of the basin is the time delay necessary for aquifer pressures
to equilibrate in the horizontal direction in response to pumping. Furthermore, in the northwest area of the
basin where aquifer thicknesses are relatively uniform, we can observe an exponential decline in seasonal
amplitude and linear variation in seasonal phase away from an amplitude peak (A-A’ transect in Figure 8),
which agrees with the diffusion solution for periodic head variations in equation (11). As with the well data,
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Figure 9. Map of seasonal phase delay (left) with contour lines and labels corresponding to the depth of the bottom of
the principal aquifer system in meters. The dashed white line corresponds to the approximate boundary between the
forebay and confined areas as defined by OCWD. The solid blue line corresponds to the Santa Ana River. The right plot
shows the transects (C-C') for the seasonal phase (solid blue) and aquifer depth (dashed black). While there appears to be
a general trend between depth of the principal aquifer system and seasonal phase delay, several other factors control
spatial propagation of hydraulic head (see section 6.3).
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the boundaries of the deforming areas become more difficult to interpret due to the transition from con-
fined aquifer units to unconfined/semiconfined units.

We also observe a sharp discontinuity in both the seasonal amplitude and phase maps on the eastern edge
of the basin where the Santa Ana River enters the forebay region indicating some form of impediment to
groundwater flow. Here the peak amplitude occurs in March on the west side of the discontinuity and in
May on the east side. In section 3.2, we discussed the possible influence of specific yield contrasts and faults
acting as impediments to fluid flow. While no known faults exist in this area, this area also corresponds to
the approximate boundary between the forebay and confined zones. Comparison of the seasonal phase
map to the thickness of the principal aquifer system (using the aquifer model developed by OCWD) shows
that the phase discontinuity is also roughly coincident with large changes in depth of the principal aquifer
system in the OCWD model across a short distance (Figure 9). In section 6.3, we explore dynamic models
investigating the impact of variations in aquifer thickness on propagation of hydraulic head.

4.2. Groundwater Withdrawal and Seasonal Ground Deformation

We expect that groundwater pumping practices would have a strong impact on the amplitude of seasonal
ground deformation. Hydraulic head in a confined aquifer system near a production well will experience a
drawdown during periods of groundwater withdrawal (Middleton & Wilcock, 1994; Todd & Mays, 1980). To
explore the impact of withdrawal on head levels, we use groundwater production time series for 250
OCWD production wells that measure total groundwater withdrawal on a monthly basis from 1996 to 2007.
We create a 50 X 50 uniform grid where the dimension of each grid cell is approximately 0.6 X 0.6 km and
compute the amplitude of total seasonal groundwater withdrawal in each grid cell. We perform this proce-
dure for three different depth ranges (0-200, 200-370, and 370-700 m depth) to explore the depth depen-
dency of withdrawal. We can clearly observe an association between the high ground deformation areas
and areas with high seasonal groundwater production at depths mostly associated with the principal aqui-
fer system (Figure 10). The pair of high-amplitude ground deformation regions near Long Beach directly
correspond to two regions of concentrated groundwater withdrawal between 200 and 370 m depth. How-
ever, not all areas of high groundwater withdrawal are colocated with high ground deformation, particularly
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Figure 10. Maps of (a) seasonal peak-to-peak LOS amplitude and seasonal groundwater withdrawal from OCWD produc-
tion wells located at depths of (b) 0-200 m, (c) 200-370 m, and (d) 370-700 m. See supporting information Figure S2.4 for
the corresponding seasonal phase delays. The locations with the highest seasonal withdrawal at 200-370 m depth corre-
spond to the locations of the highest seasonal ground deformation within the pressure area. The red outline encom-
passes the seasonal ground deformation as observed in the INSAR map of seasonal phase delay. The dashed white line
indicates the approximate boundary between the forebay and confined areas. In general, the areas of highest seasonal
ground deformation correspond to locations where confined aquifers are most heavily pumped.
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in the forebay regions. In those regions, the shallow aquifers are heavily pumped (e.g., Figure 10b) but are
unconfined, and the principal aquifer system is semiconfined (Woodside & Westropp, 2015). Since both
aquifer zones have large storage coefficients in the forebay, large fluctuations in groundwater production
will result in smaller fluctuations in groundwater levels as compared to the center of the basin. Related to
the seasonal ground deformation phase delay, groundwater production peaks during the summer months
at roughly the same time for nearly all large-scale production wells (supporting information Figure S2.4).
This uniformity removes variability in pumping times as a driver for spatial variations in seasonal ground
deformation phase delay, leaving aquifer geometry and storage variations as the primary remaining factors
controlling the propagation of hydraulic head (discussed in section 6.3).

5. Simultaneous Time-Varying Seasonal and Long-Term Ground Deformation
Using InSAR Time Series Analysis

In order to study the full complexity of ground deformation in the Central and Santa Ana Coastal Basins,
including the time-varying seasonal deformation and long-term subsidence, we now decompose the full
InSAR time series from 1992 to 2011 into seasonal and transient components using a new method for geo-
detic time series analysis that extends on the sparse regularization methods of Riel et al. (2014) by incorpo-
rating spatial coherency into the time series reconstruction (see supporting information section S1). This
method estimates the coefficients of a temporal dictionary for every pixel simultaneously, resulting in a
very large regularized least squares problem that uses data from all interferograms. The regularization func-
tion for the model parameters is a combination of a sparsity-inducing ¢;-norm (to isolate the dominant
onset times and durations of any transient signals) and an ¢,-norm (for parameters that may be correlated
in space or time). We adapt a distributed convex optimization algorithm, the alternating direction method
of multipliers (ADMM), to solve this problem in parallel using hundreds of CPUs. This algorithm allows us to
solve a least squares problem with several million parameters in only a few minutes; the end result is a self-
consistent time series model that can be decomposed into long-term and short-term signals of various time
scales.

Prior to the time series decomposition, we limit the area of analysis to the coastal basins and downsample
the pixels to a spacing of approximately 200 m in order to reduce the computational load. We then popu-
late the temporal dictionary with third-order B-splines with time scales of 0.2 years to model the seasonal
ground oscillations caused by the annual cycle of groundwater withdrawal and recharge. Similar to the
decomposition of the SACY GPS data in section 3.3, we include coherency between B-splines that share the
same centroid time within a year (in addition to the spatial coherency). We also include B-splines in the
temporal dictionary to model long-term, transient signals.

To validate the estimated InSAR time series model, we compare the decomposed long-term and short-term
signals with long-term and short-term signals measured by three GPS stations within the Santa Ana Coastal
Basin. We use the method of Riel et al. (2014) to perform the time series decomposition for the GPS time
series independently from the InSAR time series. As with the InSAR data, we use B-splines for seasonal sig-
nals and B-splines for long-term signals with a sparsity-promoting regularization scheme to limit the total
number of B-splines needed for reconstruction of the GPS data. We then project the three-component GPS
time series onto the radar LOS direction. The long-term and short-term signals from the two data sets are in
good agreement, even during time periods where we have a gap in temporal coverage of SAR acquisitions
(Figure 11). Slight spatial oversmoothing for the InSAR data has the effect of damping the amplitudes of the
seasonal oscillations, leading to small seasonal oscillations in the short-term residuals (residuals also tend to
be larger during periods with a lower number of SAR acquisitions). As expected from the SAR-9 head time
series, the short-term, seasonal ground deformation is relatively steady from 1996 to 2000, followed by a
slight decrease in amplitude of oscillations from 2000 to 2007. After 2007-2008, the seasonal signal changes
its temporal pattern significantly as a result of the cessation of water storage programs that encouraged
regular, increased groundwater withdrawal during the summer months. These changes can also be
observed in the GPS time series. The long-term signal once again shows long-term subsidence which is
interrupted by a 2 year uplift period between 2004 and 2005. In the following sections, we use the spatial
continuity of our INSAR time series model to examine the spatial behavior of the unsteady seasonal signals,
as well as the long-term subsidence and transient uplift caused by decreased pumping activity.
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Figure 11. InSAR time series reconstruction compared with three GPS stations (LBC1, BLSA, and SACY) in the basin. The
GPS data are projected onto the radar LOS direction; time series for all plots are shown with offsets for visual clarity. Both
the InSAR and GPS time series have been decomposed into (a) short-term, seasonal signals and (c) long-term, transient
signals. GPS data are shown with blue dots, and InSAR data are shown with solid red lines. The shaded red regions in
Figures 11a and 11c represent the uncertainties in the reconstructed InSAR time series. Note the increase in uncertainty
during time periods with no SAR acquisitions. Thin vertical black lines correspond to the SAR acquisition times. (b, d) The
residuals between the GPS and InSAR data in Figures 11a and 11c¢, respectively. The locations of the GPS stations are

shown in (e).

5.1. Short-Term Basin Deformation

We isolate the short-term basin deformation using the B-spline coefficients estimated from the InSAR time
series analysis and compare the March to September ground deformation for three different years: 2004,
2008, and 2009 (Figure 12). For 2004, the March to September basin subsidence is in good agreement with
the seasonal amplitude map in Figure 8, which is expected since annual pumping practices were very regu-
lar during this time period. Peak subsidence is greater than 40 mm in the southeast zone of the Santa Ana
Coastal Basin. However, in 2008, we observe a significant reduction in ground deformation throughout the
whole basin. Peak subsidence only reaches 10-15 mm primarily in areas closer to the coast and in the cen-
ter of the basin. In 2009, the spatial pattern changes again, with peak subsidence now reaching about
30 mm in a concentrated zone in the southern edge of the basin close to the main source of groundwater
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Figure 12. Maps of March to September LOS deformation for three different years: (a) 2004, (b) 2008, and (c) 2009. The
2004 ground deformation is consistent with the maps of seasonal amplitudes, whereas the 2008 and 2009 maps show
starkly different spatial patterns and amplitudes due to changes in pumping practices.
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withdrawal. For both 2008 and 2009, we see that most of the seasonal ground deformation closer to Long
Beach in the western half of the basin disappears, and most of the deformation in the forebay region is min-
imized as well.

5.2. Long-Term Basin Deformation

By examining the spatial distribution of the B-spline coefficients as estimated by the ADMM time series
analysis, we can determine the onset times and durations of the dominant long-term, transient signals in
our time series. The sparsity-promoting regularization forces most of the coefficients to be zero except for
those associated with several longer-term deformation signals observed primarily within the coastal basins
(supporting information Figure S2.1). First, we detect a ~2.5 year subsidence signal starting in 2007 that is
contained within the region of the basin defined by the phase delay of the seasonal deformation. From the
comparison between GPS and hydraulic head data in section 3.3, it is likely that a large fraction of this
observed subsidence is due to an overall reduction in groundwater levels in the principal and deep aquifer
systems. The subsidence was preceded by a 2-3 year uplift signal in the southeastern portion of the Santa
Ana Coastal Basin starting in late 2004, which we observed in the data for GPS station SACY and is due to a
period of decreased pumping due to greater water availability during the winter of 2004-2005 (Figure 4).
This period of greater water availability has also been associated with transient uplift due to recharging
aquifers in nearby basins (King et al., 2007).

Profiles of the deformation patterns for the three main long-term events (1995-2004 subsidence, 2004-
2007 uplift, and 2007-2010 subsidence) suggest that the two subsidence periods are connected and act as
a single subsidence process that is distinct from the uplift period due to decreased pumping activity (Figure
13). The subsidence is strongest in the center of the basin and is roughly coincident with the area of high
seasonal deformation. Additionally, we observe that the subsidence rate increased by a factor of 2 after
2007. The strongest subsidence signal actually occurs within two narrow regions of the southeastern basin
with length scales of approximately 3-5 km. In these regions, the subsidence rate was 15 mm/yr between
1995 and 2004 and nearly 30 mm/yr between 2007 and 2010. The rest of the subsidence is broadly distrib-
uted throughout the rest of the basin. During the uplift event, most of the uplift is concentrated on the
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Figure 13. (a—c) Maps of subsidence and uplift rates for the time periods (a) 1995-2004, (b) 2007-2010, and (c) 2004-
2007. The labels in Figure 13a indicate the subsidence in Long Beach (LB) due to the Wilmington oil Field, uplift in the
Sante Fe Springs Oil Field (SF), and subsidence in Pomona Basin (PM) due to groundwater withdrawal. The transect profile
is shown by the black dashed line, M—M'. (d) The solid green line corresponds to the transect for the 1995-2004 time
period, and dashed blue line corresponds to 2007-2010, and the red dashed line corresponds to 2004-2007. The transect
data show very consistent deformation rate profiles for the two time periods associated with subsidence, whereas the
uplift profile has a distinctly different profile.
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eastern margin of the basin where we observe ~30 mm of uplift. This area of the basin is where the Santa
Ana River flows into basin and is close to the main point of entry for artificial recharging operations. This
area is also coincident with the forebay area of the basin which is a mix of semiconfined (principal) and
unconfined (shallow) aquifers (Woodside & Westropp, 2015). The concentration of uplift in this region is
coincident with recharge in the shallow and principal aquifer systems due to decreased withdrawal and
greater water availability.

We can also observe long-term signals from 1995 to 2004 not associated with groundwater activities in the
coastal basins, such as uplift in the Santa Fe Springs Oil Field and subsidence in the Wilmington Oil Field in
Long Beach. For the latter, episodic subsidence has been observed due to historically high oil production
despite modern re-pressurization efforts (Hauksson et al., 2015). For the former, the uplift mechanism is
unclear since extraction rates have generally been higher than injection rates which would usually lead to
net subsidence (Bawden et al., 2001). We can also observe subsidence in the Pomona Basin due to ground-
water withdrawal. We do not observe large tectonic signals from fault slip due to the high-subsidence rates
in the basin. The NIF is perhaps the best observed fault system in this data set due to high interferometric
correlation, and it is estimated to have a slip rate of approximately T mm/yr which is likely to be obscured
by the groundwater-driven subsidence in the basin (Bawden et al., 2001; Zhang et al., 2012).

The modeled transient time series for points within the narrow, high-subsidence areas exhibit much more
rapid subsidence than representative points in other regions of the basin (Figure 14). For the eastern high-
subsidence zone (represented as point (i) in Figure 14), the subsidence monotonically increases after 2007
while the western high-subsidence zone (point (iii)) appears to reverse its subsidence signal similar to the
rest of the basin. By comparing the spatial pattern and location of these high-subsidence areas to the sea-
sonal amplitudes and time to peak seasonal signal, it is clear that the subsidence process for these areas is
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Figure 14. (a) Close-up maps of long-term LOS displacement from 1995 to 2004, seasonal phase delay, and seasonal
peak-to-peak amplitude. The white diamonds in the subsidence map correspond to large-scale OCWD production wells.
The yellow squares show the locations of the time series in (b) and (c). (b) The time series for the long-term displacements
while (c) shows the time series for the short-term, seasonal displacements. Note the location of the Peralta Hills thrust
fault in Figure 14b discussed in section 6.3. While the short-term time series for all three points are very similar, the long-
term signals within the zones of high subsidence are noticeably different than the point between them.
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not adequately explained by an elastic response due to the hydrological cycle of groundwater recharge,
withdrawal, and steady decline. In fact, the seasonal time series for points within and adjacent to the high-
subsidence areas are nearly identical (Figure 14c). We had previously observed that the long-term ground
deformation for the GPS station SACY can be fully explained by long-term changes in groundwater levels in
the principal and deep aquifer systems (Figure 7). Unfortunately, SACY and other OCWD wells lie just out-
side the high-subsidence regions, preventing us from determining whether rapid decline of water levels is
responsible for the large ground deformation there. However, the small spatial wavelength of these features
(2-3 km wide) suggests that the subsidence mechanism may be due to long-term, inelastic compaction of
aquitards or laterally compact clay lenses in the aquifers rather than a diffusion-based response to with-
drawal, which has a characteristic spatial scale of 10-20 km (Figure 8).

The long-term subsidence signals for both 1995-2004 and 2007-2010 and the seasonal ground deforma-
tion amplitude show relatively consistent spatial patterns characterized by peak ground deformation in the
southeast area of the basin and larger deformation in the center of the basin as compared to the margins
(Figure 13). In order to analyze the differences in the spatial patterns of the two signals, we first estimate
the optimal scale factor for the seasonal ground deformation that minimizes the difference between the
seasonal amplitude and long-term subsidence signal from 1995 to 2004. After applying the optimal scale
factor (approximately —4) to the seasonal amplitudes, we can create a map of residual subsidence to isolate
the differences between the long-term and short-term signals (Figure 15). The residual subsidence along
the margins of the basin shows that the spatial extent of long-term ground subsidence is larger than the
extent of seasonal ground oscillation. The areas of residual subsidence are also not exclusively in the fore-
bay, suggesting that the transition from confined to unconfined aquifers is not the primary mechanism for
the wider extent of subsidence. While it is possible that inelastic deformation may be occurring to a greater
degree along the margins, there is insufficient evidence to suggest richer clay content in those areas.
Instead, we propose that the dependency of hydraulic head variations on the temporal frequency of
groundwater withdrawal can explain the residual subsidence along the margins (see section 6.2 for further
discussion).

Of the two narrow zones of high-subsidence shown in Figure 14, only the larger zone is noticeable in the
residuals, suggesting that the smaller subsidence zone may simply be responding elastically to long-term
declines in groundwater levels. The persistence of the larger high-subsidence zone in the residuals supports
the idea that this feature is caused by long-term, inelastic compaction of clay lenses since this localized area
does not correspond to any large-scale production wells. In summary, the long-term ground deformation
we observe with InSAR exhibits distinct spatial and temporal characteristics when compared with short-
term, seasonal deformation, which could be indicative of compaction of a different region of the aquifer
system or potentially large-scale inelastic compaction if long-term ground deformation is not directly
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Figure 15. Comparison between long-term LOS subsidence from (a) 1995 to 2004 and (b) residual subsidence after
removing a synthetic subsidence signal corresponding to the scaled seasonal displacement. The red outline encompasses
the seasonal ground deformation as observed in the INSAR map of seasonal phase delay. The dashed white line indicates
the approximate boundary between the forebay and confined areas. The residuals indicate that the spatial extent of
long-term ground subsidence is larger than the extent of seasonal ground oscillation.
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correlated to long-term groundwater-level declines (e.g. sustained subsidence even after recovery of
groundwater levels).

5.3. Ground Deformation Versus Hydraulic Head for the Santa Ana Coastal Basin

In section 3.3, we compared hydraulic head time series from OCWD well SAR-9 with vertical ground defor-
mation time series from GPS station SACY and found that short-term, seasonal ground deformation was
most correlated with short-term head variations near the aquitard layer separating the principal and deep
aquifer systems. On the other hand, long-term ground deformation was most correlated with long-term
head variations in the deep aquifer system. We expand on that analysis by comparing InSAR-derived
ground deformation to the OCWD wells within the deforming areas of the coastal basins (we exclude the
WRD wells in this analysis because there are no water-level data prior to 2000). For each well location, we
iterate over the hydraulic head time series for each port depth and compute the correlation coefficient with
the InSAR-derived ground deformation. We then use a third-order polynomial to estimate the depth of max-
imum correlation for both seasonal and long-term deformation.

Figure 16. Depth of maximum correlation between hydraulic head data and InSAR displacement are denoted with
colored circles for OCWD wells for (a) seasonal signals and (b) long-term signals. The background color in the basin
corresponds to the depth of the bottom of the principal aquifer system. (c—f) The InSAR time series (blue) and scaled
head for the well port with maximum correlation (red) for select wells in the basin. Optimal scaling factors for hydraulic
head are indicated by y. The depths of best correlation for the seasonal signals are systematically shallower than those for
the long-term signals.
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For both seasonal and long-term signals, the depths of the well ports most correlated with ground deforma-
tion are deeper in the center of the basin than in the margins, which roughly follows the geometry of the
principal aquifer system (Figure 16). For seasonal signals, the depth of best correlation is generally at depths
associated with the largest amount of groundwater withdrawal in the principal aquifer system, similar to
the SACY and SAR-9 comparison. Furthermore, the depth of best correlation for the long-term signals is sys-
tematically deeper throughout the basin and primarily within the “deep” aquifer system. We note that since
monitoring wells do not fully penetrate the entire aquifer system, the true depth of best correlation for the
long-term signals may be deeper than the ones shown here. While the seasonal deformation is well-
matched by the scaled head data, there are some noticeable discrepancies between the long-term signals.
Mainly, there appears to be a lag between the ground deformation and the hydraulic head, which can likely
be attributed to the truncated sampling of the deep aquifer system by the monitoring wells (see section 6.2
for further discussion). At a minimum, the hypothesis that the observed ground deformation within the
coastal basins is an elastic response to changing groundwater levels appears to be true for the seasonal sig-
nals and a significant fraction of the long-term signals (with the exception of the narrow, high-subsidence
zones discussed in the previous section).

6. Discussion

6.1. InSAR and Groundwater Management

The total level of seasonal groundwater withdrawal by OCWD is well correlated with seasonal changes in
hydraulic head in the principal aquifer system. As a consequence, the areas with the highest levels of sea-
sonal groundwater withdrawal directly correspond to the areas with the highest amplitude of seasonal
ground deformation (Figure 10). We also observed that due to changes in pumping practices in 2008 by
major water districts (where prior to 2008, pumping was encouraged during the summer months), the spa-
tial pattern of ground deformation during the summer months changed drastically. To compare the overall
relationship between groundwater withdrawal and basin deformation, we use the long-term and short-
term InSAR results to construct time series of spatially integrated basin deformation. Similarly, a time series
of total groundwater production is constructed from the OCWD production wells and decomposed into
long-term and short-term signals using the same method used for the SAR-9 time series.

As expected, the seasonal basin deformation is out of phase with the
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50 seasonal groundwater production by about 4-5 months (Figure 17).
Ground uplift reaches peak levels around March after several months
of low groundwater production. Peak groundwater production then
occurs in July/August, although production is generally high between
May to September. Peak production is then followed by maximum
seasonal ground subsidence around September. The long-term subsi-
dence signals are relatively consistent with the long-term variation in
groundwater production. However, a time lag of of about two years
can be observed between the basin ground deformation and ground-
water production, which is consistent with the InSAR results at specific
wells in the previous section. From 1995 to 2002, a steady increase in
production corresponded to steady subsidence within the basin. The
basin uplift initiating in 2005 is a net response to greater water avail-
ability (Figure 4) and decreased production, both of which led to his-
torically high water levels (Woodside & Westropp, 2015). The

id

Figure 17. Time series of total volumetric basin deformation vs. total monthly
OCWD groundwater production for (a) seasonal signals and (b) long-term sig-
nals. The solid red line with red circles represents the total reported groundwa-
ter production in 1 month intervals. The volumetric basin deformation was
computed by summing the product of pixel area and displacement at each
pixel. The dashed red lines correspond to a model of the production time series
consisting of annual and semiannual sinusoids for Figure 17a and B-splines for
Figure 17b. In Figure 17b, the data are not shown for visual clarity, and the red
shaded area indicates the 1-sigma scatter of the data. In general, groundwater
levels show a delayed response to changes in groundwater production; the
delay for long-term signals is longer than for short-term signals.

increased basin subsidence rate following the uplift appears to be a
(lagged) response to an increase in production rate starting in late
2005. Therefore, we conclude that the majority of both the long-term
and short-term ground deformations are elastic responses to changes
in head levels caused by changes in total groundwater production
and recharge. The consistency between deformation and head levels,
and the lack of evidence of any large-scale inelastic compaction,
requires that storage coefficients generally remain constant in time,
which means that stress levels within the aquifer and aquitards have
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remained above preconsolidation levels since the 1990s (with the exception of the high-subsidence zones
identified in Figure 14). Historical water levels from OCWD forebay monitoring wells show that the lowest
water levels occurred around 1950, and modern water levels have generally remained stable since then
(supporting information Figure S2.3).

6.2. Estimating Depth-Dependent Storage Coefficients

Estimation of storage coefficients for the multiaquifer systems in the Central and Santa Ana Coastal Basins
is complicated by the fact that ground deformation is the integrated compaction with depth of all aquifer
and aquitard layers. From Figure 2 and geologic cross sections throughout the basin (Ehman et al., 2014),
we also know that the aquifer and aquitard structure is fairly complex. For many of the monitoring wells in
the groundwater basins, the ports do not span all of the main aquifer layers, so we cannot fully assess the
contribution of each layer to the observed ground deformation in the presence of appreciable head vari-
ability in depth. However, the hydraulic head data for most monitoring wells show that the bulk of the sea-
sonal variations occur within the principal aquifer system. Compared to long-term variations, the seasonal
hydraulic head amplitudes show greater attenuation with vertical distance from the principal aquifer system
(Figures 5 and 7). From equation (11), a lower temporal frequency for a period pressure perturbation will
result in a lower attenuation of amplitude and a slower diffusion speed. Thus, long-term pressure changes
cause greater overall pore pressure changes for the deep aquifer system than the seasonal signals. This
interpretation is consistent with the fact that there is very little direct withdrawal at the depths of the deep
aquifer system (Figure 10). Therefore, estimation of depth-dependent storage coefficients is likely to be
more reliable when analyzing the seasonal oscillations in hydraulic head since errors due to truncated sam-
pling of the deep aquifer system are minimized. For this analysis, we compare hydraulic head from the
OCWD well SAR-9 to vertical ground deformation from the GPS station SACY since SAR-9 spans all relevant
aquifer layers.

For a vertical profile of the multiaquifer system discretized onto a uniform grid, we can express the ground
deformation at the surface as

5 N;
Ad=Y"54> " AhAz, (17)
=1 =1

where S is the skeletal specific storage for the ith layer which consists of N; elements of uniform thickness
Az, and h; is the hydraulic head for the jth element in layer i. Here we use the OCWD approximation and
assume five total layers (three aquifer system layers and two aquitards) with depths specified by the OCWD
aquifer model. While this model is a significant simplification of the true aquifer structure, reasonable simi-
larities in hydraulic head time series for wells within a given OCWD layer suggest that this simplification is
appropriate for modeling the surface response. Since monitoring wells only coarsely sample the aquifer
layers, at each observation epoch we interpolate the hydraulic head to a regular depth grid before comput-
ing Zj Ahj for each layer. We can then estimate the skeletal specific storage for all layers using linear least
squares with a positivity constraint. Using equation (6), the skeletal specific storage can be converted to the
skeletal storage coefficient S, by multiplying the Ssrk values by the thicknesses of the corresponding layers.

The predicted deformation from the seasonal hydraulic head variations closely matches the observed sea-
sonal ground deformation (Figures 18a and 18c). The primary nonzero estimated storage coefficients corre-
spond to the aquitard separating the principal and deep aquifer systems (about 2X1073) and the deep
aquifer system itself (about 1.5X1073; Figure 18e). However, due to the poor constraints on the aquifer and
aquitard boundaries and the coarse sampling of the monitoring ports in depth, it is possible that the value
of the storage coefficient for the aquitard actually corresponds to the value for the principal aquifer system.
The estimated storage coefficient values (21073 and 1.5X1073) are similar to the storage coefficient val-
ues for the principal and deep aquifer system, respectively, estimated by OCWD from aquifer test data
(Woodside & Westropp, 2015). We can use these storage coefficients to then predict the expected long-
term ground deformation from the long-term hydraulic head variations (Figure 18b). Compared to the sea-
sonal variations, long-term residuals are significantly more systematic and similar in temporal structure to
the long-term signal itself (Figure 18d). If instead the residuals showed steady subsidence, then it would be
likely that inelastic compaction was occurring as a background subsidence process. However, the temporal
pattern of the residuals is more suggestive of a time lag between the predicted and observed ground
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Figure 18. Estimation of storage coefficients for each aquifer system and aquitard layer using vertical seasonal ground
deformation from GPS station SACY and seasonal hydraulic head from OCWD well SAR-9 (e). The estimated storage coeffi-
cients are used to predict deformation for (a) short-term seasonal and (b) long-term variations. GPS data are shown in
blue dots while the prediction is shown in red. (c, d) The residual seasonal and long-term ground deformation, respec-
tively, after subtracting the predicted deformation from the observed GPS data. The black line in Figure 18d corresponds
to the smoothed long-term residuals for visualization clarity. While the short-term seasonal signals are well predicted by
seasonal hydraulic head changes, systematic residuals in the long-term signal may reflect inadequate sampling of the
deep aquifer system by the SAR-9 well.

deformation. When groundwater levels start to recover after a period of decline (e.g., around 2003, 2008,
and 2014), the ground is predicted to uplift. Instead, the GPS time series shows a small period of continuing
subsidence which is consistent with continuing decline of hydraulic head in the deeper regions of the deep
aquifer system not measured by monitoring wells (and thus not accounted for in the predicted displace-
ment). Additionally, the time lag may also be indicative of a greater degree of compaction due to clay inter-
beds and aquitards in the deep aquifer system.

For comparing ground deformation to hydraulic head throughout the groundwater basins, the complexity
of the aquifer system (discontinuous aquitards, folding of aquifer units along the margins, etc.) limits our
ability to reliably estimate storage coefficients for the simplified five-layer OCWD model even when restrict-
ing the analysis to seasonal signals. Instead, we used an alternative approach of estimating a depth for each
well that resulted in the highest correlation between deformation and head. We found that the short-term,
seasonal ground deformation was most correlated with wells that were located close to the bottom of the
principal aquifer system. The high similarity between short-term head time series in the principal aquifer
system (Figure 7) and fast diffusion speeds (Figure 5) indicate that seasonal ground deformation can proba-
bly be explained as a combination of bulk deformation of the principal aquifer system and compaction of
aquitards located near the bottom of the principal aquifer system. We also found that a large area of the
long-term subsidence signal was most correlated with wells located in the deep aquifer system, which again
supports the hypothesis that the lower temporal frequency of the long-term pressure perturbation causes
greater pressure changes in the deep aquifer system. In the horizontal direction, it was also observed that
the spatial extent of the long-term subsidence was greater than the seasonal ground deformation (Figure
15). This observation would also be consistent with the long-term increase in groundwater production
resulting in a larger areal extent of hydraulic head decline than the seasonal oscillations. Therefore, we can
interpret the long-term decline in head level in the deep aquifer system as a delayed response to long-term
variations in groundwater levels, which are driven by a combination of long-term variations in groundwater
production due to variations in rainfall and overall water availability.
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The narrow, high-subsidence regions shown in Figures 13 and 15 may correspond to inelastic compaction
of laterally finite clay lenses in one of the aquifer system layers, particularly the larger of the two subsidence
regions. The high amplitude of subsidence may also indicate that these clay lenses are substantially thicker
than other compressible clay units within the aquifers. This region does not correspond to any large-scale
production wells or significant withdrawal at any depth (see Figure 10), so the higher subsidence rate is
most likely not caused by pumping activity since the 1990s. Instead, we are most likely observing a combi-
nation of inelastic compaction starting several decades earlier and elastic subsidence due to long-term
groundwater decline. While we do not have well data directly over those regions to perform a cross-
correlation analysis between hydraulic head and ground deformation, we did observe that the spatial signa-
ture of those regions does not appear in the map of seasonal amplitude of ground deformation.

6.3. Aquifer and Fault Structure From InSAR Seasonal Deformation

The annual cycle of groundwater withdrawal and recharge, which was relatively constant from the early
1990s to 2008, resulted in regular ground deformation which oscillated in tandem with groundwater levels.
In particular, we found that the short-term, annual ground oscillations were most correlated with fluctua-
tions in hydraulic head in the principal aquifer system. The areas with the highest seasonal amplitudes in
ground deformation were colocated with the areas of highest seasonal groundwater withdrawal. Addition-
ally, we found that the amplitude of ground deformation was positively correlated with the total amount of
groundwater withdrawal and head drawdown during the summer months.

Both the seasonal amplitude and phase maps suggest that within 10-15 km of the center of the basins,
groundwater dynamics follow a standard diffusion process where hydraulic head changes propagate away
from the zones of high withdrawal. Previous studies by OCWD that have approximated storage coefficients
for the simplified three-layer model in the Santa Ana Coastal Basin show minimal variation in storage
throughout the central regions of the basin, so the diffusion process should be relatively unperturbed there
(Woodside & Westropp, 2015). However, we also observed sharp discontinuities in the seasonal phase due
to the NIF and also within the basin away from any known fault systems (Figure 8). For the discontinuity
within the basin, the seasonal phase changed from mid-March on the west side to late-April on the east
side with an amplitude decrease of about 4 cm. From equation (6), we know that large spatial variations in
ground deformation can be caused by large variations in hydraulic head, aquifer/aquitard thickness, or
hydraulic diffusivity. We observed that the thickness of the principal aquifer system changed relatively rap-
idly in the location of the phase/amplitude discontinuity, which could mean that aquifer thickness controls
the diffusion of hydraulic head throughout the aquifer system.

To investigate the effects of faults and aquifer thickness on observed ground displacement, we perform a
series of simplified numerical experiments based on the diffusion equation for hydraulic head (equation (9)).
We perform numerical simulations for three different scenarios: (1) constant hydraulic conductivity and aquifer
thickness; (2) constant hydraulic conductivity and a step decrease in aquifer thickness; and (3) a narrow zone
of low hydraulic conductivity and constant aquifer thickness. The last scenario is representative of head propa-
gation across a narrow fault zone characterized by low permeability fault gouge. Note that for all three scenar-
ios, S is fixed to be constant throughout the model domain so that any changes in diffusivity are controlled by
changes in the conductivity. Equation (9) can be discretized using finite differences (central difference in space
and forward difference in time) to obtain an explicit Euler update scheme to integrate the hydraulic head for-
ward in time. We construct the x-domain to span from —40 to 40 km and choose a spatial resolution and time
step in order to maintain solution stability. We place a sinusoidal source in the middle of the domain with a
period of 1 year to simulate groundwater withdrawal and artificial recharge and set the head boundary condi-
tions at the edges of the domain to be 0. We run the simulation for each scenario for several years and com-
pute the amplitude and phase of the head response for each point in the domain.

The simulation results show that spatial discontinuities in the amplitude and phase of the hydraulic head
are more likely due to a narrow zone of significantly different conductivity or aquifer thickness. Here our
narrow zone of low hydraulic conductivity to emulate a fault produces results that best match our observa-
tions (Figure 19). Both the fault and rapid decrease in aquifer thickness cause an amplification of the ampli-
tude of the head on the side closer to the source. However, the fault causes a step decrease in the
amplitude (as observed in the InSAR results) while the thickness change maintains a continuous amplitude
profile. Furthermore, only the fault causes a step increase in the phase. While we do not show the results
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Figure 19. (a—c) Model setup for one-dimensional diffusion simulation with a periodic pressure source placed in the cen-
ter of the domain. The three different models are (a) constant hydraulic conductivity and aquifer thickness, (b) constant
hydraulic conductivity and a step decrease in aquifer thickness, and (c) narrow fault zone of low hydraulic conductivity
and constant aquifer thickness. (f) The specific values for thickness and hydraulic conductivity for the three different
scenarios. The amplitude and phase of the simulated hydraulic head in response to the periodic pressure source are
shown in Figures 19d and 19e, respectively. The colors corresponding to the different models are (a) blue, (b) dashed
blue, and (c) red. The sharp change in modeled head amplitude and phase for the fault simulation is most similar to the
discontinuities observed in the InSAR results.

here, the same output could be obtained by modeling a narrow zone of very large aquifer thickness (i.e., a
trench which is highly unlikely in a sedimentary basin) and a step decrease in hydraulic conductivity (see
equation (9) to note the interchangeability between conductivity, K, and aquifer thickness, b). To represent
the change from confined conditions to semiconfined or unconfined conditions in the margin of the basin,
an equivalent formulation of a step decrease in hydraulic conductivity is a step increase in storage coeffi-
cient. The primary takeaway from these results is that in order to reproduce step changes in the amplitude
and phase of the seasonal hydraulic head, it is necessary to have a rapid change of hydraulic conductivity
confined to a narrow zone. This “fault” zone could very well be superimposed or adjacent to a step change
in hydraulic conductivity since we do expect conductivity and specific yield to change in the forebay.

The nearest fault system is the Peralta Hills Fault (Figure 14), a reverse fault system located 10 km north of Santa
Ana, California and about 5 km away from the observed discontinuity (Myers et al,, 2003; Southern California
Earthquake Data Center, 2012). The main fault is north-dipping with the last rupture possibly occurring in the
Holocene, and its surface trace follows the curved boundary between the Santa Ana Coastal Basin and the adja-
cent Santa Ana Mountains. However, the extent of the fault system from the Peralta Hills into the alluvial plains
is uncertain and not well mapped at depth. The discontinuity that we observe in our InSAR results could thus
correspond to a blind branch of the Peralta Hills Fault with no observable surface trace. The discontinuity is also
roughly coincident with the Anaheim Nose, an anticline with a north-west strike parallel to the Peralta Hills Fault
(Bjorklund, 2003). However, the anticline is a broad feature with a crest between 1,500 and 3,000 m below the
ground surface. Therefore, it is unlikely to affect groundwater flow in any observable manner.

One scenario we did not attempt to simulate is the difference in the aquifer units involved in groundwater with-
drawal between the center of the basin and the margins (section 3.2). The likelihood that older, deeper units are
involved in groundwater production in the margins as compared to younger, shallower units in the center is con-
trary to the simplified, one-dimensional point source simulation we performed here. The sharp boundary in the
peak seasonal time we observe in the InSAR results could be associated with a lateral terminus of the younger
unit pumped in the center of the basin. The delay in timing on the eastern side of the boundary could then be
simulated by a separate system where lower vertical hydraulic conductivity is the driver for the later peak times.

7. Conclusions

We investigated the spatiotemporal ground deformation of the Los Angeles Central and Santa Ana Coastal
Basins using a combination of GPS and C-band InSAR time series. We introduced a new method for
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decomposing both time series into long-term and short-term signals in a spatially consistent manner using
a distributed algorithm designed to solve large scale, regularized least squares problems very efficiently.
This particular data set provided a unique opportunity to apply the time series analysis method on data
with both time-varying seasonal signals and subtle transients caused by complex geophysical processes.
The resultant time series decomposition allowed us to isolate the short-term ground deformation caused
by seasonal variations in hydraulic head due to groundwater production practices that emphasized with-
drawal during the summer months. The 18 year timespan of the InSAR data and the improved time series
analysis resulted in spatially continuous maps of seasonal amplitude and phase of ground deformation with
improved spatial resolution over previous studies. In particular, we were able to detect fine-scale features in
the seasonal deformation including spatially varying pore pressure diffusion effects and a barrier to head
diffusion due to a potential unmapped fault. The reconstructed long-term signals revealed subsidence over
a wide area within the basins, as well as a 2-3 year uplift signal starting in 2004-2005 caused by a period of
decreased ground production due to greater water availability. By comparing the time series results with
hydraulic head data provided by WRD and OCWD, we were able to determine that ground deformation
within the basins can be almost completely explained as an elastic response to head variations caused by
groundwater production practices. Furthermore, we found that head variations in different parts of the
aquifer system were responsible for the different time scales of ground deformation. Groundwater produc-
tion is heavily monitored by agencies such as WRD and OCWD through a vast collection of monitoring well
data. However, our results, in combination with previous InSAR studies over groundwater basins, show that
analysis of InSAR time series data can be a useful tool for assessing the sustainability of pumping practices,
and the continuing availability of data from new InSAR missions can be exploited by the hydrology commu-
nity to aid groundwater monitoring over this area.
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