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Abstract Using a 20‐year continuous broadband record and two independent single‐station techniques
—ambient noise autocorrelation and receiver functions—we document a relationship between subsurface
seismic response and groundwater levels (GWLs) in the Gulf Coast Aquifer System of southern Texas. We
ﬁnd that a surge of GWL following three consecutive hurricanes and documented at an adjacent monitoring
well is accompanied with changes in receiver function power spectra and ambient noise autocorrelations.
Using a simple physical model, we show that GWL changes should affect P‐ (VP) more strongly than S‐wave
(VS) velocities, consistent with our observations and previous ones based on inter‐station correlations.
Agreement between receiver function and ambient noise analyses shows that both can be used to reliably
estimate temporal changes in subsurface properties on long timescales. Due to their sensitivity to VP,
single‐station techniques respond more strongly to GWL changes, making them useful for characterizing
and monitoring aquifer systems.
Plain Language Summary

Even though groundwater in large aquifer systems is often relied
upon as a water source, it is one of the least well‐known components of the hydrologic cycle. Here, we
document a relationship between ground vibrations recorded by a seismometer and the groundwater levels
in the Gulf Coast Aquifer System of southern Texas. We ﬁnd that a surge of groundwater level following
three consecutive hurricanes is accompanied with changes in the characteristics of seismic vibrations set‐up
in the shallow subsurface. Characteristics of vibrations due to both ambient noise and from earthquake
show similar signals. Using a simple physical model, we show how groundwater level changes the properties
of the subsurface to explain the seismic observations. Our work illustrates how even a single seismometer
can be used to monitor groundwater level changes, which is particularly useful in aquifer systems
lacking monitoring wells, and can complement other geophysical measurements from gravity or
uplift/subsidence sensed data from satellites.

1. Introduction
Sustainable water resource management is critical to global challenges such as climate change, energy generation, droughts, and food security. Groundwater in large aquifer systems is often relied upon as a water
source, yet it is one of the least well‐characterized components of the hydrologic cycle. Fortunately, in the
United States, a national network of groundwater monitoring wells is operated by the United States
Geological Survey (USGS) National Water Information System (U.S. Geological Survey, 2016). In many
areas around the globe, however, groundwater attracts insufﬁcient management attention compared to
more visible surface water resources in rivers and reservoirs and is often poorly monitored (Famiglietti,
2014). In the absence of well data, extracting information about the distribution of groundwater and its spatiotemporal variations using geophysical techniques can be greatly beneﬁcial, particularly in regions under
water stress where groundwater is used as an additional water source (Wada et al., 2010).
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Geodetic measurements can characterize how the Earth's crust responds to groundwater changes in both
time and space. Gravity data can be used to infer changes in mass balance due to hydrological variations
in regional‐ (e.g., Rodell et al., 2009) and local‐scale aquifers (e.g., Chen et al., 2016; Rodell et al., 2007;
Strassberg et al., 2007; Swenson et al., 2006; Yeh et al., 2006). Similarly, the temporal or spatial pattern of
uplift and subsidence observed with remote sensing can be related to the deformational response resulting
from groundwater variations. For example, Interferometric Synthetic Aperture Radar (InSAR) measurements of deformation have been used to infer changes in groundwater content (e.g., Amelung et al., 1999;
Chaussard et al., 2017; Schmidt & Bürgmann, 2003). Global Positioning System (GPS) studies, on the
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Figure 1. Conceptual diagrams depicting changes in GWL (blue) within an aquifer and the proposed seismic methods for
detecting them. The uppermost layer in each panel indicates a schematic aquifer system with a constant porosity.
Changes in the GWL can be monitored by measuring dv/v from ambient noise correlation (i.e., computing −dt/t from a
dashed trace with a solid trace) and power spectral density (PSD) of receiver functions (RFs) from teleseismic arrivals
(in red). NB: dashed/solid traces are reference/individual correlograms (waveforms), respectively.

other hand, have focused on investigating temporal changes in aquifer properties, including seasonal
variations (e.g., Argus et al., 2014), drought (e.g., Borsa et al., 2014), and pumping (e.g., Amos et al., 2014;
Huang et al., 2016). Despite their great utility, these geodetic and gravity techniques only constrain a
depth‐integrated quantity (i.e., mass and surface displacement), the interpretation of which is inherently
nonunique. For example, inﬁnitely many mass anomaly distributions can explain gravitational
acceleration observations equally well (e.g., Blakely, 1995). Analogously, interpreting the depth
distribution of groundwater changes from deformation patterns observed using InSAR or GPS on the
surface suffers from signiﬁcant trade‐offs.
Seismic observations can provide more direct measurements about conditions in the subsurface. In order to
monitor such active subsurface process using seismology, one needs a reproducible seismic signal propagating through the system. Controlled artiﬁcial sources have been successfully used for this purpose (e.g., Niu
et al., 2008) especially in the petroleum production context (e.g., Silver et al., 2007), but small changes in subsurface properties due to external perturbations can also be monitored using seismic energy generated by
earthquakes or ambient noise (e.g., Audet, 2010; Larose et al., 2015; Meier et al., 2010; Porritt & Yoshioka,
2017; Snieder & Page, 2007). Time‐lapse monitoring can be performed across a range of timescales, from
short ones associated with high precipitation events, through seasonal variations, to long‐term changes
due to groundwater extraction and drought. Some of the better known applications of monitoring temporal
changes using seismic observations in the literature include glaciers (Mordret et al., 2016), volcanoes (e.g.,
Duputel et al., 2009; Sens‐Schönfelder & Wegler, 2006), rivers (e.g., Schmandt et al., 2013; Tsai, 2011),
groundwater (Sens‐Schönfelder & Wegler, 2011; Clements & Denolle, 2018), active fault and landslide processes (e.g., Brenguier et al., 2008; Mainsant et al., 2012; Wegler & Sens‐Schönfelder, 2007), infrastructure
(e.g., Goodling et al., 2018; Mikael et al., 2013), and planetary targets (e.g., Duvall et al., 1993; Sens‐
Schönfelder & Larose, 2008).
Here, we demonstrate the feasibility of applying two well‐known complementary seismic techniques for
monitoring temporal variations in the seismic response of the subsurface, which we relate to groundwater
level (GWL) changes (Figure 1). In the following sections, we show how seismic velocities can constrain
changes on an inter‐annual timescale and document the long‐term stability of receiver function (RF) and
autocorrelation estimates of subsurface velocities. We then propose a causal relationship between those
observations and GWLs based on a simple physical model.

2. Data and Methods
Monitoring temporal variations in subsurface properties is based on comparing the seismic response of a
subsurface structure in one time frame to its response in another. While initially performed using earthquake doublets, or a pair of microearthquakes (Poupinet et al., 1984), it is now more commonly
KIM AND LEKIC
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Figure 2. (a) Study area in the Gulf Coast Aquifer System (GCAS) of Texas. Both ambient noise and teleseismic RFs are
computed using seismic recordings spanning 1995–2017 from IU.HKT station in Harris County, Texas (black triangle).
Note that IU.HKT station is installed inside the Hockley salt dome (Deussen & Lane, 1925) indicated by gray outline.
Groundwater level (GWL) measurements are from USGS Seabrook borehole extensometer in the Evangeline Aquifer
(blue triangle). Red circles in the inset map are teleseismic earthquakes used in computing the RFs. (b) Cross section
across the Gulf Coast Aquifer, corresponding to red line in (a). The dashed line indicates approximate down‐dip limit of
freshwater. NB: Vertical scale is greatly exaggerated (modiﬁed from Baker, 1979; Kasmarek & Robinson, 2004).

accomplished using ambient noise correlation (Shapiro et al., 2005), which allows the Earth's impulse
response to be determined without earthquake recordings. For example, Sens‐Schönfelder and Wegler
(2006) constrained temporal variations by comparing daily inter‐station correlations to a reference
correlation (i.e., reference state of the system) obtained by averaging over a much larger period. Of
particular relevance to our study is work relating changes in seismic velocity to groundwater recharge by
precipitation (Sens‐Schönfelder & Wegler, 2011) and a study showing that local variation of the GWL in
the San Gabriel Valley, CA, can be tracked using the inter‐station correlation of ambient noise (Clements
& Denolle, 2018). To detect seismic velocity changes, we compute correlations of ambient noise signals at
seismic stations and measure perturbations in subsurface velocity (dv/v) using the “stretching” technique
(Hadziioannou et al., 2009; Larose et al., 2015; Mordret et al., 2016). Small velocity perturbations delay or
advance correlations in time and (traces in solid line, Figures 2b and 2c) decorrelate them from the
reference state (traces in dashed line, Figure 2); we measure the stretching coefﬁcient (dv/v) that
compensates the time delay (−dt/t) to maximize the correlation with the reference state of the system.
Our study differs from the previous ambient noise analysis in that we focus on a single‐station approach
using autocorrelation rather than the cross‐correlation method. We obtain autocorrelations from both
vertical and horizontal components.
In addition to ambient noise correlations, we use an independent, complementary method based on analyzing teleseismic waveforms to isolate waves scattered/converted directly beneath the receiver (method 2,
Figure 2). This method, called RFs, removes complexities associated with earthquake rupture and source‐
side propagation using deconvolution, thereby isolating subreceiver structure (Burdick & Langston, 1977).
Typical P‐to‐S teleseismic RFs are analyzed and ﬁltered in a way that makes it difﬁcult to resolve structures
that are smaller than ~2 km (e.g., Kim et al., 2019); however, comparison with ground‐truth well estimates
show that high frequency RFs can constrain shallow structures at scales smaller than <500 m (Leahy et al.,
2012). Furthermore, Audet (2010) showed that power spectral density (PSD) of RFs can even resolve temporal variations in crustal velocity structure following the 2004 Parkﬁeld (Mw 6) earthquake, constraining
S‐wave velocity changes of ~0.06 km/s. We analyze the spectrograms of RFs and exploit both amplitude
and phase information of subsurface scattering/conversions contained in the RFs spectra.
Both ambient noise and teleseismic RFs are computed from broadband recordings spanning 1995–2017 at
IU.HKT station in Harris County, Texas (Albuquerque Seismological Laboratory, 1988) installed above
the Gulf Coast Aquifer System (GCAS) of southern Texas (dashed region, Figure 2a). For each component,
we compute the autocorrelation of ambient noise records and measure the changes in seismic velocity with
respect to a reference time period (supporting information Figure S1). To do so, instrument response
KIM AND LEKIC
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Figure 3. (a) Temporal variation in seismic velocity using ambient noise correlations. Apparent velocity changes
computed based on daily autocorrelation of ambient noise recordings (gray line) and corresponding yearly average (red
line) during 1995–2017 at IU.HKT station (Figure 2). (b) Temporal variations in PSD of RFs from 829 teleseismic
earthquakes (inset, Figure 2) are binned in 50% overlapping, 12‐month windows. (c) Comparison of observed GWL (blue
line), dv/v (red circles), RF PSDs at 0.26–0.3 Hz (gray squares, red arrow at Figure 3b), and PSDs of synthetic RFs at
0.25‐0.35 Hz (see Figure 4). Red symbols at the top indicate category 4 or larger hurricanes. The PSD of RFs is scaled to the
dv/v measurement for easier visualization. Correlation between the two seismic measurements and groundwater data
are shown at the bottom; all are signiﬁcant above the 95% conﬁdence level (see main text and Figure S3 for details).

removed data are demeaned, detrended, ﬁltered between 0.01 and 8 Hz, and spectrally whitened. We apply
1‐bit normalization and autocorrelate 6‐min segments (with 50% overlapping window) from a daily record
and compute phase‐weighted stacks (Ventosa et al., 2017). Daily changes in seismic velocity (light gray
lines) are found by grid search from −0.02 to 0.02 of dv/v that maximizes the correlation coefﬁcient
between the stretch‐applied autocorrelograms and the reference autocorrelation record.
To compute P‐to‐S RFs, three‐component seismic recordings of teleseismic events are processed according to
the procedure of Abt et al. (2010). We compute RFs (Figure S2) using an iterative time domain deconvolution
(Ligorria & Ammon, 1999). The same ﬁlter used for ambient noise processing is also applied. A total of 829
teleseismic earthquakes with Mw > 5.5 are used that repeatedly illuminate the same volume of crustal aquifer system quasi‐continuously (inset, Figure 2a). Note that RFs can be easily biased by various levels of noise;
horizontal components in particular are sensitive on short‐term seasonal noise due to tilt thus dominant
PSD in RF data (Audet, 2010). To effectively suppress such seasonal variations, RFs (Figure S2) are binned
in moving, 50% overlapping, 12‐month windows (Figure 3b).
Ambient noise and P‐to‐S RF analyses of data from the same seismic station provide independent constraints
on variations in subsurface velocity. The inference made from seismic observations is compared against
GWL measurements from USGS Seabrook borehole extensometer (Figures 2a and 2b). The depth of the well
is 421 m below land surface and is completed in the Evangeline Aquifer in Harris County, TX (Kasmarek
et al., 2012). Monthly GWL measurements are averaged in the same 12‐month windows used for processing
seismic data and detrended prior to the correlation analysis.
KIM AND LEKIC
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Figure 4. Physical model relating seismic velocities, synthetic RFs, and GWL for GCAS. (a) Velocity model used to
generate synthetic RFs at IU.HKT station (Figure 2). The uppermost layer indicates GCAS of southern Texas. (b) Seismic
velocities are estimated based on ﬂuid substitution approach of Gassmann (1951) of water (blue) and air (white) in the
pores from the background aquifer rock (top, Figure 4c). See Figure S5 for seismic velocity changes due to GWL variations
calculated for a range of porosity between 0.1 and 0.4. GWL data of 1995–2017 (Figure 2) are normalized to 0–500 m to
capture high and low aquifer scenarios of the model. (c) First 10 s of the synthetic RFs and their variance in amplitude as a
function of lag‐time. (d) Temporal variations in PSD of synthetic receiver functions showing strong frequency dependence.

3. Results and Discussion
We focus on analyzing a 23‐year record of averaged dv/v measurements from vertical component autocorrelations, with the expectation that vertical component will be more sensitive to VP than horizontal component autocorrelations. The largest increase in dv/v of 1.2% occurs during 2008–2010 (red line, Figures 3a
and 3c). Although little correlation is observed between dv/v and PSD of RFs under its full bandwidth
(Figure 3b), the strongest correlation between the two seismic measurements is found in the 0.26–0.3 Hz frequency range. We ﬁnd that the GWL (blue, Figure 3c) and averaged dv/v (red, Figure 3c) track each other,
with the GWL also reaching its maximum in the same 2008–2010 period. Moreover, GWL and PSD of RFs
also correlate, with strongest correlation in the 0.67–0.71 Hz frequency range. The strong distinctive peak
in GWL observed during 2008–2010, in particular, is consistent with the median PSD of RFs from this frequency range (gray, Figure 3c).
While abrupt changes in dv/v amplitudes have been reported after nearby earthquakes elsewhere (Brenguier
et al., 2008; Wegler et al., 2009), the tectonic stability of the study area and paucity of seismicity makes such
an explanation highly unlikely. Instead, we attribute the sudden increase observed in both dv/v and PSD of
RFs to three consecutive hurricanes (i.e., Gustav, Ike, and Norbert; red symbols in Figures 3c and S1) that
occurred less than a month apart prior to the observed peak during 2008–2010. We also note similar dv/v
changes along with GWL rise in the San Gabriel Valley, CA, due to 1 m of total precipitation, the highest
amount of rainfall in 100 years in Los Angeles (Clements & Denolle, 2018). However, we report the opposite
sign of dv/v changes with one order of magnitude larger here in Texas and will provide a physical explanation for this difference later in the section.
To assess the statistical signiﬁcance of the correlation between the measured GWL and variations in seismic
dv/v and RF changes, we generate simulated time series with the same frequency content as observations but
KIM AND LEKIC
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random phase. By recomputing the correlation coefﬁcients for 1,000 such randomly generated time series,
we ﬁnd that correlations among seismic observables and the GWL are statistically signiﬁcant well above
2‐sigma (Figures 3c and S3). Substantially lower correlation coefﬁcients from both horizontal component
measurements suggest the primary role of P‐wave velocity changes (Figure S1). Similar analysis did not ﬁnd
any statistically signiﬁcant correlation between seismic observables and precipitation in the region. These
results show that single‐station seismic data can potentially provide constraints on GWL changes for monitoring groundwater hydrology on inter‐annual timescales but cannot directly be related to precipitation.
The seismic station used in this study is located in northern part of the Hockley salt mine at a depth of 413 m
(Albuquerque Seismological Laboratory, 1988). Though the geologic condition in the salt mine is likely to be
extremely dry, the effective zone of sensitivity of our seismic observables based on autocorrelation kernels
(Pacheco & Snieder, 2005) shown in Figure S4 is sufﬁciently large to ensure ample sensitivity to groundwater
changes outside the salt dome (Deussen & Lane, 1925).
To relate GWL to changes in the seismic response of the subsurface, we construct a simple physical model.
Figure 4a illustrates a schematic model for GCAS (Figure 2), with the uppermost 500‐m layer having an
effective porosity of 0.23 (Noble et al., 1996). To relate the effective elastic moduli of the aquifer to the properties of its constituents (e.g., a simplest model with porous aquifer rock, air, and water), we use the ﬂuid substitution approach (Gassmann, 1951) of aquifer rock and the pores with water and air, varying the water
level from 0 to 500 m (capturing both high and low GWL scenarios for the GCAS). GWL changes induce correlated changes in VP, but anticorrelated, much smaller‐amplitude changes in VS, regardless of the assumed
porosity (Figures 4b and S5). Note that the actual data shown in Figure 3 are sensitive to GWL changes on
the order of 15 m and the corresponding prediction for VP and VS changes are on the order of 1 and 0.1%,
respectively. Previous studies have used empirically determined scaling factors to relate GWL changes
to VS variations (Clements & Denolle, 2018); our physical model, though simple, offers a way of
inferring GWL variations from VP and/or VS changes, if the porosity of the aquifer is known. The function
predicting GWL variations from VP and/or VS changes is speciﬁed in the supporting information and shown
in Figure S5.
Temporal variations in PSD of RFs do not directly constrain the depth extent of the velocity perturbation
(Audet, 2010). However, we ﬁnd that the correlations between PSD of RFs and GWL depend strongly on frequency (Figure 3b). Using synthetic RFs computed with the wavenumber integration method (Herrmann,
2013), we investigate the frequency‐dependent response of RF variations expected for our proposed physical
model. We ﬁnd that GWL changes affect the ﬁrst 10 s of the synthetic RFs, which are shown in Figure 4c
labeled according to the path of the corresponding seismic waves. Though subtle when plotted in time
(Figure 4c), RF changes become readily apparent in the PSD (Figure 4d), which show that their sensitivity
to time‐varying velocity perturbations depends on frequency (depth), with largest variations in the 0.25–
0.35 Hz frequency range. The median PSD of synthetic RFs in this range is shown as a dashed line in black
and perfectly tracks changes in GWL (Figure 3c).
The relationship between GWL and dv/v reported here is opposite in sign to that found by Clements &
Denolle (2018) using cross‐correlations in the San Gabriel Valley, CA. We attribute this difference to the fact
that inter‐station correlations are more sensitive to S‐wave rather than P‐wave velocities, because they are
dominated by Rayleigh wave energy. Our simple physical model predicts that GWL increase should decrease
VS, though the relative change in VS is lesser by a factor of 10 than that in VP (Figures 4b and S5). This is
indeed what has been observed: Clements and Denolle (2018) report that a 16.8‐m GWL increase decreased
VS by 0.125% while we ﬁnd that a 15‐m GWL increase increased VP by 1.2%. Differences in velocity variations inferred by autocorrelation of horizontal versus vertical component also support the higher sensitivity
of VP to GWL changes, compared to VS (Figure S1). Additional constraints may be provided by analysis of
single‐station cross‐component correlations (Galetti & Curtis, 2012).
As noted, our result from southern Texas does not show a strong correlation with precipitation alone
(Figure S1). While a short‐lived subsidence signal is observed from GPS after a severe rainfall during hurricane Harvey 2017 (Milliner et al., 2018), its corresponding seismic signature (due to aquifer recharge) is difﬁcult to detect (Figure 3), consistent with the lack of a dramatic increase in GWL recorded at the monitoring
well. In order to assess whether the ﬁndings presented here for station HKT and the GCAS are likely to be
applicable in other geologic settings, we have repeated the analysis at station DWPF in Florida (Figures S6
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and S7) and found very similar levels of correlation among dv/v, RF PSDs, and GWL. Different sensitivities to
the distribution of water with depth using seismic and geodetic data thus lend itself to joint inversion in the
framework of a groundwater recharge model, opening the door for constraining what fraction of extreme
rainfall goes into recharging the groundwater. Because of the wide geographic availability of seismic and
geodetic data, such an approach can enable the mapping of key hydraulic parameters including porosity
and hydraulic conductivity.
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