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Historic levels of drought, globally, call for sustainable freshwater manage-
ment. Under pressing demand is a refined understanding of the structures and
dynamics of groundwater systems. Here we present an unconventional, cost-
effective approach to aquifer monitoring using seismograph arrays. Employ-
ing advanced seismic interferometry techniques, we calculate the space-time
evolution of relative changes in seismic velocity, as a measure of hydrological
properties. During 2000-2020 in basins near Los Angeles, seismic velocity
variations match groundwater tables measured in wells and surface defor-
mations inferred from satellite sensing, but the seismological approach adds
temporal and depth resolutions for deep structures and processes. Maps of
long-term seismic velocity changes reveal distinct patterns (decline or recov-
ery) of groundwater storage in basins that are adjacent but adjudicated to
water districts conducting different pumping practices. This pilot application
bridges the gap between seismology and hydrology, and shows the promise of

leveraging seismometers worldwide to provide 4D characterizations of
groundwater and other near-surface systems.

One of the worst droughts on record is ravaging the southwestern
United States and regions elsewhere in the world. The severity and
prolonged duration of this drought bring the water security to a tip-
ping point. To address the water scarcity crisis requires efficient and
sustainable management of freshwater resources. A critical compo-
nent of freshwater is groundwater, which contributes over 60% of the
total water supply in dry years in California. The state-of-health of
regional groundwater systems has never been more important for
agricultural, ecological, industrial, and urban purposes. However,
owing to the remoteness and multi-scale, highly heterogeneous
structures of water-bearing formations hidden beneath the Earth’s
surface, the spatial distribution of aquifers remains poorly understood.
Equally limited is our knowledge of the temporal variability of
groundwater storage on monthly to decadal timescales. The spatial
and temporal constraints of aquifers are not only crucial for the effi-
cient use of groundwater resources but also indispensable for avoiding

permanent loss of storage capacity (which may occur when the pore
pressure drops below pre-consolidation levels)' . Observations that
characterize effectively the structures and dynamic behaviors of
aquifers are thus imperative to sustain groundwater resources.

The traditional observation for tracking groundwater tables is the
hydraulic head, which directly measures the water level of specific
aquifer layers. In practice, however, the point-scale head measure-
ments are too sparse in time or space to adequately capture variations
of the highly nonuniform aquifer systems. Over the past decades, great
progress has been made in hydrological investigations by utilizing a
variety of non-invasive geophysical methods. Surveys exploiting the
electromagnetic properties of the near-surface medium*® allow to
depict the groundwater systems with impressive detail, but they are
expensive to conduct and often limited to static imaging on local
scales. Remote sensing techniques have emerged as powerful mon-
itoring tools to inform about the space-time variability of terrestrial
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water storage. Yet they still have notable limitations. For example,
satellite gravimetry"® has a low spatiotemporal resolution (hundred-
kilometer scale at monthly interval), and GPS and InSAR (Interfero-
metric Aperture Radar) data resolve surface deformation but do not
provide direct constraints on structures and processes beneath the
surface'®™.

Fig. 1| Hydrogeological settings and station locations in the study area.

a Groundwater basins near Los Angeles, California (adjudicated to different local
water departments). Primary basins studied in this paper include the San Gabriel
Basin, the Los Angeles (LA) Central Basin, the Santa Ana Basin, and the LA West
Coast Basin. b The unconfined (forebay) and confined zones in LA Central and
Santa Ana basins. The forebay boundary is estimated by the Orange County Water
District (OCWD)* and the Water Replenishment District (WRD) of Southern
California*®. Confined to semi-confined conditions also exist in the San Gabriel
Basin. ¢ Station locations. Yellow triangles denote the broadband, 3-component
seismic stations in the CI network operated by the Southern California Earthquake
Data Center (SCEDC) available from 2000 to 2020. The blue circle denotes the
groundwater monitoring well GGM-1/MP1 operated by OCWD, from which the
hydraulic head data are shown in Fig. 2b. The violet diamond denotes the
meteorological station ANA at which the precipitation record is shown in Fig. 2a.

Seismological observations can serve to add new constraints to
the 4D (space-time) fluctuations of groundwater systems. Seismic
velocity (v), or, rather, the propagation speed of seismic waves, is
determined by elastic moduli and bulk density and can serve as an
in-situ measure of the mechanical properties of the underground
medium. In particular, relative changes in seismic velocity (4uv/v),
which associate with changes in pore pressure, saturation, porosity,
and micro-structures*® >, can be used to infer the volume of stored
groundwater. Modeling of seismic wavespeeds, taking into account
the poroelastic effect and elastic loading”, has suggested an anti-
correlation between 4v/v and groundwater level.

It has been demonstrated in recent years that Av/v can be mea-
sured continuously in time, with high sensitivity and at low cost, by
combining two seismic interferometry techniques: (1) interferometry
of seismic ambient noise fields, which provides repetitive estimates of
Green’s functions of the Earth interior structure®?, and (2) inter-
ferometry of seismic coda waves, which allows measurements of tiny
changes in wavespeed”°. This protocol has been employed to analyze
time-evolving processes in various geological settings® 5, including
proof-of-concept studies for monitoring groundwater levels®**,

In this study, we present a 4D monitoring approach to push
such seismological monitoring of groundwater (and other shallow sub-
surface) systems to a new level, by not only inferring how 4v/v changes
in time (as in previous cases) but also in 3D space*. This advance is
made possible by employing recently developed analytical descrip-
tions of seismic coda propagation** in seismic interferometry. We
apply our approach to the drought-stricken, densely populated Los
Angeles (LA) coastal region in Southern California (Fig. 1) and measure
the space-time evolution of Av/v during 2000-2020. Our results reveal
the spatial patterns of seasonal and long-term fluctuations in ground-
water volume at several hundred meters below the metropolitan LA*.

Results

Seismic interferometry in Coastal Los Angeles Basins

We use records of seismic ambient noise from about 50 broadband
seismic stations (Fig. 1c) in the Coastal Los Angeles Basins (CLAB) to
calculate Au/v. CLAB comprises a number of groundwater basins
(Fig. 1a). The shallow subsurface is composed of unconsolidated
Quaternary-age sediments mainly from marine or alluvial sources.
These groundwater basins are mostly bounded by mountains and
faults that can act as natural barriers of deep groundwater flow; they
are also geographically partitioned by municipal borders (e.g., the
boundary between Santa Ana and LA Central basins) and adjudicated
to different local water departments.

The northwestern portion of LA Central and Santa Ana basins is
characterized as an ‘unconfined zone’ or ‘forebay*>*¢ (Fig. 1b), mainly
consisting of aquifers made of coarser-grained sediments (sands and
gravels) with high permeability. In contrast, the southwestern portion
is characterized as a ‘confined zone***¢, where lenses of aquifers are
interbedded with laterally extensive, relatively impermeable lenses of
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Fig. 2 | Time series of Av/v (relative changes in seismic velocity), precipitation,
and hydraulic head. a The comparison between Av/v (bold blue line) and annual
cumulative precipitation (light blue bars). Av/v is measured in 0.2-2.0 Hz and
averaged over all spatial grids in the study area. The annual cumulative pre-
cipitation is measured at the meteorological station ANA (Fig. 1c). The gray line is

obtained by low-pass filtering the blue line to show the long-term trend of Av/v. The
shaded areas (in gray) denote humid periods. b A local-scale comparison between
Au/v (bold blue line) and the hydraulic head (yellow line with circles). Av/v is
averaged over spatial grids within the Santa Ana Basin. Head data are measured at a
dedicated groundwater monitoring well GGM-1/MP1 (Fig. 1c).

finer-grained sediments (silts and clays) (see Supplementary Note 1).
Aquifers in confined to semi-confined conditions also exist in the San
Gabriel Valley”. As rainfall is limited to winter and heavy well pumping
mostly to dry summers, the groundwater storage in CLAB exhibits
strong seasonal variability. In response to the seasonal groundwater
fluctuations, confined aquifers show large deformation (leading to up
to 60 mm annual uplift or subsidence at the ground surface'*'*") due
to the high compressibility of clays, whereas the deformation of
unconfined aquifers is typically minute due to the low compressibility
of sands and gravels.

Variations in seismic wavespeed are inferred from Green’s func-
tions obtained by cross-correlation (at different times) of seismic noise
that is recorded continuously at stations in CLAB. We use a broad fre-
quency band of 0.2-2.0 Hz and three sub-bands of 0.2-0.8, 0.4-1.6, and
0.5-2.0 Hz to compute time shifts along the seismic coda, which allows
us to probe temporal changes at different depth?*%474, To obtain the
spatial distribution of Av/v, we divide the study area into a 2 km-by-2 km
grid (on the latitude-longitude plane) and invert for Au/v at each grid
node for consecutive dates, based on the newly developed coda-wave
sensitivity kernels (see, Methods subsection Imaging Av/v in space).

Temporal fluctuations

Figure 2a shows the Au/v time series from 2000 to 2020 (blue line)
obtained from the 0.2-2.0 Hz band and averaged over all spatial grids
in the study area. We plot Av/v in reverse direction for a more intuitive
comparison with groundwater: Upwards corresponds to more
groundwater and downwards to less groundwater. Also displayed is
the long-term trend of Av/v (gray line) and the annual cumulative
precipitation (light blue bars at the bottom).

Over the 21-year period, the blue line (that is, the opposite of 4v/v)
in Fig. 2a exhibits a predominantly decreasing trend, suggesting an
overall decline of groundwater associated with the long-term dearth of
precipitation. The decreasing trend is interrupted by brief increasing

episodes, corresponding to the years with a few big storms. The blue
line also exhibits seasonal fluctuations superimposed on the long-term
trends of Au/v: In each year, Av/v peaks around January-February and
September with annual difference on the order of 0.01%. Featured by
their phases and amplitudes, the seasonal variations of Av/v mainly
stem from annual hydrological cycles®. These seasonal and long-term
fluctuations will be analyzed separately in the following sections.

For examination on a more local scale, we focus on the Santa Ana
Basin. Figure 2b shows Auv/v averaged over spatial grids only within the
Santa Ana Basin and the hydraulic head measured at a local monitoring
well. This comparison demonstrates that during the time period under
study, Av/v reflects the groundwater level regarding both seasonal
fluctuations and long-term trends.

The good agreement between Av/v and the hydraulic head illus-
trates the promise of leveraging the large number of existing seism-
ometers in California (and elsewhere worldwide) for tracking
groundwater levels. This seismological alternative has three major
advantages: First, Av/v can enhance considerably the spatial and tem-
poral density of the in-situ well measurements, while alleviating the
high cost of drilling and maintaining the dedicated monitoring wells.
Secondly, 4v/v is affected less by localized heterogeneity and more
representative of the average hydrological conditions than the point-
scale hydraulic head, because 4u/v integrate the medium properties
collectively along the pathways of coda waves. Thirdly, hydraulic head
is not always proportional to groundwater storage, and most often the
latter is the quantity of practical interests. In this regard, measure-
ments of Av/v offer a new perspective (on mechanical properties of the
aquifer medium), which can be integrated with the head data to con-
strain the groundwater volume.

Imaging seasonal variations
To investigate the spatial distribution of seasonal changes, we extract
the amplitude of seasonal Av/v (Supplementary Fig. 1) in different
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different frequency bands are demonstrated in Supplementary Fig. 2. d The map of
the seasonal amplitude of vertical displacement at the Earth’s surface inferred from
InSAR'™, Warmer colors indicate stronger seasonal variability, and colder colors
weaker seasonal variability. Av/v maps are derived using records from 2000-2011,
and the InSAR map' during 1992-2011.

frequency bands (0.5-2.0 Hz, 0.4-1.6 Hz, and 0.2-0.8 Hz), which relate
to medium properties at different depths (-350, 500, and 700 m,
respectively) below the Earth’s surface (see Methods subsection Depth
sensitivity).

Figure 3a-c shows that the areas of large seasonal 4v/v (in warm
color) migrate southeastwards (from LA Central Basin to Santa Ana
Basin) with increasing depth, suggesting that seasonal variations of
aquifer storage deepen in that direction. Moreover, in each frequency
(depth) range considered, the dominant seasonal Av/v occur in the
confined zones of these basins, with sharp amplitude gradients along
the forebay boundary. This indicates that the seasonal variations of
hydrologic properties are much more significant in confined aquifers
than in unconfined aquifers.

Seasonal variations can also be inferred from InSAR™ (Fig. 3d), but
the two types of data are different and complementary. INSAR mea-
sures the deformation at Earth’s surface, which mainly manifests
changes in pore pressure and thickness of aquifer layers. In contrast,
Av/v measures the mechanical properties of crustal materials at depth,
and thus reflects in-situ variations in pore pressure, saturation, mass
density, and micro-structures. Measurements of surface deformation
and Au/v have very different sensitivities to some particular types of
subsurface changes. For example, saturation changes in vadose zone
may be invisible to InNSAR but can lead to considerable changes in 4v/v.
Furthermore, Au/v is less affected by topography, weathering, or
vegetation than InSAR.

Despite these differences, the maps of depth-dependent seasonal
Av/v (Fig. 3a-c) and surface deformation (Fig. 3d) show largely con-
sistent patterns of lateral variations, all with dominant changes in the
confined zones of LA Central and Santa Ana Basins. The comparison
between InSAR and Au/v maps confirms the expectation that InSAR-

derived surface deformation reflects, to some degree, the integration of
medium changes across different depths. Besides lateral variations on
the surface, Av/v images further help to characterize the depth and
thickness of the aquifer layers, which can be used by decision-makers in
water agencies to optimize drilling and pumping strategies and, thus, to
promote the efficiency and sustainability of groundwater management.

Imaging cumulative variations

Across the study area, 4v/v indicates an overall reduction of ground-
water over the past two decades (Fig. 2a), reflecting a shift to a more
arid climate. But in individual basins in CLAB, the long-term behaviors
appear different (see Supplementary Fig. 3 for basin-wide 4v/v time
series). To assess the spatial variations of long-term changes, we map
Av/v accumulated from 2000 to 2020 in Fig. 4a. It suggests that the San
Gabriel and LA Central Basins stores less groundwater now than two
decades ago; in the Santa Ana Basin, however, groundwater seems to
recover with a slight increase than in the year 2000. In particular, the
observations reveal opposite signs of cumulative groundwater change
in adjacent basins (San Gabriel and LA Central versus Santa Ana), even
though the only boundary between LA Central and Santa Ana basins is
a county line, that is, a geopolitical boundary rather than a natural
barrier for groundwater flow.

To explain the distinct cumulative patterns in adjacent basins,
we analyze the relationship between the two major seasonal factors
that influence the annual hydrologic cycles: the (natural) rainfall that
recharges groundwater in winters and the (anthropogenic) well
pumping that depletes groundwater in summers. The long-term
groundwater change is primarily the year-to-year accumulation of
annual differences between these two factors. In Santa Ana Basin
(Fig. 4b), the linear relationship between pumping- and rainfall-induced
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between two seasonal components of Au/v (that is, the rainfall-induced decrease in
winters and the pumping-induced increase in summers) in b Santa Ana Basin, c LA
Central Basin, and d San Gabriel Basin. The rainfall-induced 4u/v are averaged over
three-year (backwards) moving windows to downweigh the effect of a few extreme
climate events (following the protocol of OCWD*®). The red line in b denotes the
best-fit line (with a slope close to 1).

changes suggests that larger volumes of groundwater were pumped out
in humid periods and less in arid periods and that in the long run the
groundwater drawdown (by pumping) balances the recharge (by pre-
cipitation). As a result, total storage has been sustained. In contrast, in
the LA Central and San Gabriel Basins (Fig. 4c, d), we find little evidence
of a balance between groundwater withdrawal and replenishment.
Instead, we observe more years when pumping-induced changes
exceed rainfall-induced changes, suggesting that repeated groundwater
overdraft leads progressively to excess depletion.

This comparison suggests that the pumping strategy of each
municipal water district is the main reason for the distinct 4v/v pat-
terns in individual basins, and that anthropogenic activities, com-
pounding the effect of climate change, play a significant role in shaping
the hydrological systems. Effective management of groundwater
resources is challenging in water-stressed regions worldwide due to a
mixture of environmental, socio-cultural, economic, political, and
historical factors. Nevertheless, the Santa Ana Basin case illustrates
that putting into place sustainable pumping practices (which can now
be verified and quantified via seismic interferometry) can indeed make
a difference, setting an encouraging paragon to mitigate the effects of
the warming climate.

The basin-wide seismological monitoring presented here can
complement the traditional way of assessing groundwater storage
(based on streamflow, precipitation, and well measurements), which is
subject to uncertainties due to the lack of accurate aquifer models.
This seismic approach provides an independent estimate of ground-
water budget and safe yield and can thus aid in the policy-making in a
sustainable manner.

Discussion

This study presents an unconventional approach to the 4D monitoring
of underground hydrologic processes, benefitting from our advances in
seismic interferometry techniques. With a pilot application in CLAB,

we show that Au/v recovers the hydraulic head measured in ground-
water wells during 2000-2020, illustrating its potential for enhancing
the temporal and spatial density of isolated well measurements. Images
of Au/v seasonality agree with surface deformation inferred from InSAR,
but also enable the characterization of aquifer behaviors and hydrology
at different depths. Based on assessment of long-term Av/v, we find
distinct patterns (decline or slight increase) of groundwater change
accumulated in adjacent water districts, due to the effect of anthro-
pogenic pumping practices compounding the climate change. This
pilot application shows the promise of leveraging seismometers
worldwide to monitor, image, and evaluate underground hydrologic
processes. As an in-situ measure of subsurface material property, we
anticipate Au/v to be a powerful 4D geodataset that will bring unique
perspectives on constraining near-surface processes and assessing the
ever-increasing impact of human activities on shaping the Earth’s shal-
low subsurface. Integrated with other geodata, the seismological
approach presented here can provide a comprehensive understanding
of various environmental processes.

Methods

Passive seismic monitoring

The traditional way of passive seismic monitoring provides continuous
measurements of Au/v (relative changes in seismic velocity). This
approach incorporates the seismic interferometry in two steps: (1)
interferometry of the continuous seismic ambient noise (2) inter-
ferometry of seismic coda waves. First, cross-correlating the continuous
ambient noise recorded at two seismic receivers allows to estimate the
Green'’s functions repetitively. Green’s function is the impulse response
of the medium at one receiver as if there were a source at the other, and
it contains information about structures and elastic properties of the
crustal medium between the two receivers®*. Repeating noise inter-
ferometry at different calendar times yield estimates of Green’s func-
tions at consecutive dates. Second, interferometry of coda waveforms
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gives measurements of Av/v between different dates. Coda waves are
the late arrivals resulted from multiply scattered waves in the recon-
structed Green’s functions. By applying cross-spectrum analysis®**’,
coda-wave interferometry enables the measurements of tiny perturba-
tions in seismic velocity (Av/v on the order of 107)**°° These two
techniques have been successfully applied together to study a wide
range of time-varying crustal processes®,

In this study, we apply the seismic interferometry using the
existing, dense networks of broadband seismic stations in Los Angeles
Metropolitan area (Fig. 1c) from the Southern California Earthquake
Data Center (SCEDC). We make use of the continuous records of
seismic ambient noise at all three components from about 50 stations
during 2000-2020. The noise records are pre-processed by removal of
instrumental response, whitening over 0.08-8.0 Hz in spectral domain
and 1-bit normalization in time domain. We compute daily cross-
correlations of pre-processed noise between all station pairs within
50 km and stack over 20 days. Then we apply interferometry between
coda-waveforms from the cross-correlations at consecutive times
(with 5-day step).

Imaging Av/v in space

In the traditional framework of Au/v passive monitoring described above,
the coda-wave interferometry is based on the assumption of homo-
geneous medium perturbation®*°, In other words, previous Au/v studies
only consider the temporal variations, whereas in space the inhomoge-
neous distribution of Ay are typically ignored and only averaged
changes are estimated. However, in most monitoring applications, the
spatial distributions of the perturbations are crucial for understanding
the physical origin and mechanisms of the dynamic processes.

In this study, we go one step further to image the inhomogeneous
Av/v distribution in space, by advancing the recent efforts to solve
inverse problems® > based on coda-wave sensitivity kernels*****°, The
sensitivity kernels (Supplementary Fig. 5) describe the propagation of
coda waves in a statistical sense by delineating the likelihood of the
coda waves’ travel path. Here we make use of the newly developed
sensitivity kernels based on radiative transfer equation***, These new
kernels provide more accurate descriptions of sensitivity taking into
account the actual anisotropy of the scattered wave fields (compared
to previous kernels derived under diffusion approximation®**’). Our
measurements concern the early coda, which is primarily scattered
surface waves®>*** and are thus particularly important for Av/v ima-
ging at shallow depth (e.g., the typical depth of groundwater aquifers).

The coda wave sensitivity kernels are then used to connect the
spatial distribution of Ay/v and travel-time shifts (4¢) between coda
waveforms. In Eq. 1, the right-hand side is the spatial integration of Av/v
at different spatial locations that are weighted by coda sensitivity
kernel K, and the left-hand side is the A¢ measured at the corre-
sponding lapse time. Note that here the sensitivity kernel is derived for
two-dimensional infinite space** and the integration is conducted over
the latitude-longitude plane.

AL(D)= /%(?)-K(?,t;,;f,;k)ds(?) .
;

Next, an inverse problem (Eq. 2) is set up and resolved to give the
spatial distribution of Av/v. The model parameters we invert for in
vector m include Av/v at different spatial locations (Eq. 3); the obser-
vations, vector d, are the At measurements at different lapse times
between different station pairs (Eq. 4); and the design matrix G is
constructed by coda-wave sensitivity kernels at the corresponding
travel-times for all station pairs (Eq. 5). Supplementary Fig. 5 shows the
sum of all kernels for all station pairs used in this study.

Gm=d 2)

m=| &(r,) ®
S (r,)
Aty
At
Aty
Aty
d= . 4)
Aty
Ats;
Atp6
Ku(r1) Ku(ry) Ky(rs) Ky (r)
Kpp(r:) Kp(rs) Ku(?s) Kip(ry)
K16(F1) KIG(FZ) Klé(?3) Klé(Fn)
Ky (r;) Ky(r,) Ky(r o Ky(r,
G- 21( 1) 21(. 2) 21( 3) 21(. ) 5)
K26(?1) Kze(?z) Kze(?s) K26(?n)
K31(?1) Ky (rz) Ks(rs) Ky (ry)
Kpb(?l) er(?z) er(?s) Kp6(?n)

Here we solve this inverse problem using a Bayesian approach®®
that maximizes the posterior probability assuming Gaussian distribu-
tions. In Eq. 6, Cp is the covariance matrix determined by the cross-
correlation coefficient of the two small windows of coda waveforms for
At calculation, and Cy; is the smoothing matrix that decays exponen-
tially with distance.

-1
m= (G’Cglc + c;;) G'cy'd (6)

The workflow of our data processing is summarized in Supple-
mentary Fig. 6.

In this study, we divide the study area into 2 km-by-2 km grids (on
horizontal plane) and calculate the coda-wave sensitivity kernels using
a homogeneous model with scattering mean free path of 100 km. We
then invert for the Av/v distribution on each grid. For each station pair,
we compute At at 6 lapse-time via coda-wave interferometry. Using At
calculated for all station pairs, the spatial inversions of Av/v are per-
formed repetitively on consecutive dates (with 5-day steps) from 2000
to 2020. In the main text, we average the time series of 4v/v over all
grids in the study area (Fig. 2a) for an overall evaluation of temporal
behavior; we also average over grids only within Santa Ana Basin
(Fig. 2b) for a local-scale analysis.
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Depth sensitivity

To characterize the near-surface aquifers, in this study we use the early
coda (with arrival time between 15 to 50 s), mainly consisting of scat-
tered surface-wave content>*>*® that are most sensitive to shallow
depth. As commonly used in surface wave studies, the seismic waves in
different frequencies propagate and thus probe medium properties at
different depth. Here we derive the depth sensitivity of Au/v measured
in different frequency bands using kernels of Rayleigh waves® based
on a 1D average velocity model®® in Los Angeles basin (Supplementary
Fig. 2a). As shown in Supplementary Fig. 2b, the three frequency bands,
0.5-2.0,0.4-1.6, and 0.2-0.8 Hz, used for Au/v measurements are most
sensitive to medium perturbations at around 350, 500, and 700 m
beneath the surface.

Data availability

The topographic data of metropolitan Los Angeles are available from
the USGS Earth Resources Observation and Science (EROS) Center at
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-
elevation-shuttle-radar-topography-mission-srtm-1. The seismic data
used in this study are available from the Southern California Earthquake
Data Center (SCEDC) under network code CI for 2000 to 2020 at
https://scedc.caltech.edu/data/waveform.html. The hydraulic head data
are available from the Orange County Water District at https://www.
ocwd.com/contact-us/public-records-request/utility-recordsrequest
with well name GGM-1/MPL. The precipitation data can be downloaded
from California Data Exchange Center, Department of Water Resources
at https://cdec.water.ca.gov/snow rain.html with station name ANA.
The datasets of seismic velocity changes generated during the current
study are available from the corresponding author on reasonable
request.

Code availability

The codes used in this study for the parallel computation of seismic
time-shifts are publicly available online at https://gricad-gitlab.univ-
grenoble-alpes.fr/lecoinal/doublets developed in Guix environment
(https://guix.gnu.org).

References

1. Rodell, M., Velicogna, I. & Famiglietti, J. S. Satellite-based estimates
of groundwater depletion in India. Nature 460, 999-1002 (2009).

2. Wada, Y. et al. Global depletion of groundwater resources. Geo-
phys. Res. Lett. 37, L20402 (2010).

3. Ojha, C., Shirzaei, M., Werth, S., Argus, D. F. & Farr, T. G. Sustained
groundwater loss in California’s central valley exacerbated by
intense drought periods. Water Resour. Res. 54, 4449-4460 (2018).

4. Binley, A., Henry-Poulter, S. & Shaw, B. Examination of solute
transport in an undisturbed soil column using electrical resistance
tomography. Water Resour. Res. 32, 763-769 (1996).

5. Huisman, J. A., Hubbard, S. S., Redman, J. D. & Annan, P. A. Mea-
suring soil water content with ground penetrating radar: a review.
Vadose Zone J. 2, 476-491 (2003).

6. Koestel, J., Kemna, A., Javaux, M., Binley, A. & Vereecken, H.
Quantitative imaging of solute transport in an unsaturated and
undisturbed soil monolith with 3-D ERT and TDR. Water Resour. Res.
44, W12411 (2008).

7. Knight, R. et al. Mapping aquifer systems with airborne electro-
magnetics in the Central Valley of California. Groundwater 56,
893-908 (2018).

8. Goebel, M., Pidlisecky, A. & Knight, R. Resistivity imaging reveals
complex pattern of saltwater intrusion along Monterey coast. J.
Hydrol. 551, 746-755 (2017).

9. Frappart, F. & Ramillien, G. Monitoring groundwater storage chan-
ges using the Gravity Recovery and Climate Experiment (GRACE)
satellite mission: a review. Remote Sens. 10, 829 (2018).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Riel, B., Simons, M., Ponti, D., Agram, P. & Jolivet, R. Quantifying
ground deformation in the Los Angeles and Santa Ana Coastal
Basins due to groundwater withdrawal. Water Resour. Res. 54,
3557-3582 (2018).

Amos, C. B. et al. Uplift and seismicity driven by groundwater
depletion in central California. Nature 509, 483-486 (2014).
Chen, J., Knight, R., Zebker, H. A. & Schretider, W. A. Confined
aquifer head measurements and storage properties in the San Luis
Valley, Colorado, from spaceborne INSAR observations. Water
Resour. Res. 52, 3623-3636 (2016).

Ji, K. H. & Herring, T. A. Correlation between changes in ground-
water levels and surface deformation from GPS measurements in
the San Gabriel Valley, California. Geophys. Res. Lett. 39,

LO1301 (2012).

Bawden, G. W., Thatcher, W., Stein, R. S., Hudnut, K. W. & Peltzer, G.
Tectonic contraction across Los Angeles after removal of ground-
water pumping effects. Nature 412, 812-815 (2001).

Lanari, R., Lundgren, P., Manzo, M. & Casu, F. Satellite radar inter-
ferometry time series analysis of surface deformation for Los
Angeles, California. Geophys. Res. Lett. 31, L23613 (2004).

Argus, D. F., Heflin, M. B., Peltzer, G., Crampé, F. & Webb, F. H.
Interseismic strain accumulation and anthropogenic motion in
metropolitan Los Angeles. J. Geophys. Res.: Solid Earth 110,
B0O4401 (2005).

Houlie, N., Funning, G. J. & Birgmann, R. Use of a GPS-derived
troposphere model to improve INSAR deformation estimates in the
San Gabiriel Valley, California. IEEE Trans. Geosci. Remote Sens. 54,
5365-5374 (2016).

Borsa, A. A., Agnew, D. C. & Cayan, D. R. Ongoing drought-induced
uplift in the western United States. Science 345, 1587-1590 (2014).
Lees, M., Knight, R. & Smith, R. Development and application of a 1D
compaction model to understand 65 years of subsidence in the
San Joaquin Valley. Water Resour. Res. 58, e€2021WR031390 (2022).
Christensen, N. I. & Wang, H. F. The influence of pore pressure and
confining pressure on dynamic elastic properties of Berea sand-
stone. Geophysics 50, 207-213 (1985).

Bachrach, R. & Nur, A. High-resolution shallow-seismic experi-
ments in sand, Part |: Water table, fluid flow, and saturation. Geo-
physics 63, 1225-1233 (1998).

Schubnel, A., Benson, P. M., Thompson, B. D., Hazzard, J. F. &
Young, R. P. In Rock Damage and Fluid Transport (eds Dresen, G.,
Zang, A. & Stephansson, O.), Part |, 947-973 (Birkhauser

Basel, 2006).

Grét, A., Snieder, R. & Scales, J. Time-lapse monitoring of rock
properties with coda wave interferometry. J. Geophys. Res.: Solid
Earth 111, BO3305 (2006).

Tsai, V. C. A model for seasonal changes in GPS positions and
seismic wave speeds due to thermoelastic and hydrologic varia-
tions. J. Geophys. Res.: Solid Earth 116, BO4404 (2011).

Campillo, M. & Paul, A. Long-range correlations in the diffuse
seismic coda. Science 299, 547-549 (2003).

Shapiro, N. M. & Campillo, M. Emergence of broadband Rayleigh
waves from correlations of the ambient seismic noise. Geophys.
Res. Lett. 31, LO7614 (2004).

Shapiro, N. M., Campillo, M., Stehly, L. & Ritzwoller, M. H. High-
resolution surface-wave tomography from ambient seismic noise.
Science 307, 1615-1618 (2005).

Yao, H., van Der Hilst, R. D. & De Hoop, M. V. Surface-wave array
tomography in SE Tibet from ambient seismic noise and two-
station analysis—I. Phase velocity maps. Geophys. J. Int. 166,
732-744 (2006).

Poupinet, G., Ellsworth, W. L. & Frechet, J. Monitoring velocity
variations in the crust using earthquake doublets: an application to
the Calaveras Fault, California. J. Geophys. Res.: Solid Earth 89,
5719-5731 (1984).

Nature Communications | (2022)13:4643


https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-shuttle-radar-topography-mission-srtm-1
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-shuttle-radar-topography-mission-srtm-1
https://scedc.caltech.edu/data/waveform.html
https://www.ocwd.com/contact-us/public-records-request/utility-recordsrequest
https://www.ocwd.com/contact-us/public-records-request/utility-recordsrequest
https://cdec.water.ca.gov/snow_rain.html
https://gricad-gitlab.univ-grenoble-alpes.fr/lecoinal/doublets
https://gricad-gitlab.univ-grenoble-alpes.fr/lecoinal/doublets
https://guix.gnu.org

Article

https://doi.org/10.1038/s41467-022-32194-3

30. Snieder, R., Grét, A., Douma, H. & Scales, J. Coda wave inter-
ferometry for estimating nonlinear behavior in seismic velocity.
Science 295, 2253-2255 (2002).

31. Sens-Schonfelder, C. & Wegler, U. Passive image interferometry
and seasonal variations of seismic velocities at Merapi Volcano,
Indonesia. Geophys. Res. Lett. 33, L21302 (2006).

32. Brenguier, F. et al. Towards forecasting volcanic eruptions using
seismic noise. Nat. Geosci. 1, 126-130 (2008a).

33. Brenguier, F. et al. Postseismic relaxation along the San Andreas
fault at Parkfield from continuous seismological observations.
Science 321, 1478-1481 (2008b).

34. Rivet, D., Brenguier, F. & Cappa, F. Improved detection of pre-
eruptive seismic velocity drops at the Piton de La Fournaise vol-
cano. Geophys. Res. Lett. 42, 6332-6339 (2015).

35. Mordret, A., Mikesell, T. D., Harig, C., Lipovsky, B. P. & Prieto, G. A.
Monitoring southwest Greenland’s ice sheet melt with ambient
seismic noise. Sci. Adv. 2, €1501538 (2016).

36. Wang, Q. Y. et al. Seasonal crustal seismic velocity changes
throughout Japan. J. Geophys. Res.: Solid Earth 122,

7987-8002 (2017).

37. Mao, S. et al. High temporal resolution monitoring of small varia-
tions in crustal strain by dense seismic arrays. Geophys. Res. Lett.
46, 128-137 (2019).

38. Hillers, G. et al. Seismic velocity change patterns along the San
Jacinto fault zone following the 2010 M 7.2 El Mayor-Cucapah and
M 5.4 Collins Valley earthquakes. J. Geophys. Res.: Solid Earth 124,
7171-7192 (2019).

39. Lecocq, T., Longuevergne, L., Pedersen, H. A., Brenguier, F. &
Stammler, K. Monitoring ground water storage at mesoscale using
seismic noise: 30 years of continuous observation and thermo-
elastic and hydrological modeling. Sci. Rep. 7, 1-16 (2017).

40. Clements, T. & Denolle, M. A. Tracking groundwater levels using
the ambient seismic field. Geophys. Res. Lett. 45,

6459-6465 (2018).

41. Mordret, A. et al. Noise-based ballistic wave passive seismic
monitoring-Part 2: surface waves. Geophys. J. Int. 221,

692-705 (2020).

42. Rodriguez Tribaldos, V. & Ajo-Franklin, J. B. Aquifer monitoring
using ambient seismic noise recorded with distributed acoustic
sensing (DAS) deployed on dark fiber. J. Geophys. Res.: Solid Earth
126, €2020JB021004 (2021).

43. Mao, S. Monitoring and Imaging Seismic Velocity Changes Across
Temporal and Spatial Scales. Doctoral dissertation (Massachusetts
Institute of Technology, 2021).

44. Margerin, L., Planés, T., Mayor, J. & Calvet, M. Sensitivity kernels for
coda-wave interferometry and scattering tomography: theory and
numerical evaluation in two-dimensional anisotropically scattering
media. Geophys. J. Int. 204, 650-666 (2016).

45. Orange County Water District (OCWD), Groundwater Management
Plan 2015 Update (2015). https://www.ocwd.com/what-we-do/
groundwater-management/groundwater-management-plan

46. Water Replenishment District (WRD) of Southern California
Regional Groundwater Monitoring Report 2019-2020, Central and
West Coast Basins, Los Angeles County, California (2021). https://
www.wrd.org/reports/regional-groundwater-monitoring-report

47. Mao, S., Mordret, A., Campillo, M., Fang, H. & van der Hilst, R. D. On
the measurement of seismic traveltime changes in the
time-frequency domain with wavelet cross-spectrum analysis.
Geophys. J. Int. 221, 550-568 (2020).

48. Sheng, Y., Ellsworth, W. L., Lellouch, A. & Beroza, G. C. Depth
constraints on coseismic velocity changes from frequency-
dependent measurements of repeating earthquake waveforms. J.
Geophys. Res.: Solid Earth 126, €2020JB020421 (2021).

49. Roberts, P. M., Phillips, W. S. & Fehler, M. C. Development
of the active doublet method for measuring small velocity

and attenuation changes in solids. J. Acoustical Soc. Am. 91,
3291-3302 (1992).

50. Weaver, R., Froment, B. & Campillo, M. On the correlation of non-
isotropically distributed ballistic scalar diffuse waves. J. Acoustical
Soc. Am. 126, 1817-1826 (2009).

51. Hillers, G. et al. Noise-based monitoring and imaging of aseismic
transient deformation induced by the 2006 Basel reservoir stimu-
lation. Geophysics 80, KS51-KS68 (2015).

52. Lesage, P., Reyes-Davila, G. & Arambula-Mendoza, R. Large tec-
tonic earthquakes induce sharp temporary decreases in seismic
velocity in Volcan de Colima, Mexico. J. Geophys. Res.: Solid Earth
119, 4360-4376 (2014).

53. Obermann, A., Planes, T., Larose, E., Sens-Schonfelder, C. &
Campillo, M. Depth sensitivity of seismic coda waves to velocity
perturbations in an elastic heterogeneous medium. Geophys. J. Int.
194, 372-382 (2013).

54. Obermann, A., Planes, T., Hadziioannou, C. & Campillo, M. Lapse-
time-dependent coda-wave depth sensitivity to local velocity
perturbations in 3-D heterogeneous elastic media. Geophys. J. Int.
207, 59-66 (2016).

55. Sanchez-Pastor, P., Obermann, A. & Schimmel, M. Detecting and
locating precursory signals during the 2011 El Hierro, Canary
Islands, submarine eruption. Geophys. Res. Lett. 45, 10-288
(2018).

56. Pacheco, C. & Snieder, R. Time-lapse travel time change of multi-
ply scattered acoustic waves. J. Acoustical Soc. Am. 118,
1300-1310 (2005).

57. Larose, E., Planes, T., Rossetto, V. & Margerin, L. Locating a small
change in a multiple scattering environment. Appl. Phys. Lett. 96,
204101 (2010).

58. Mayor, J., Margerin, L. & Calvet, M. Sensitivity of coda waves to
spatial variations of absorption and scattering: radiative transfer
theory and 2-D examples. Geophys. J. Int. 197, 1117-1137 (2014).

59. Barajas, A., Margerin, L. & Campillo, M. Coupled body and surface
wave sensitivity kernels for coda-wave interferometry in a three-
dimensional scalar scattering medium. Geophys. J. Int. 230,
1013-1029 (2022).

60. Tarantola, A. & Valette, B. Generalized nonlinear inverse problems
solved using the least squares criterion. Rev. Geophys. 20,
219-232 (1982).

61. Herrmann, R. B. Computer programs in seismology: an evolving
tool for instruction and research. Seismological Res. Lett. 84,
1081-1088 (2013).

62. Small, P. et al. The SCEC unified community velocity model
software framework. Seismological Res. Lett. 88, 1539-1552
(2017).

Acknowledgements

The authors thank Bryan Riel for offering the processed InSAR data from
Riel et al.”’. We thank Victor Tsai, Rosemary Knight, Thomas Herring,
Mark Simons, and Jingyi Ann Chen for insightful discussions. We also
thank Robert Clayton and Ellen Yu at SCEDC for providing the long-term
seismic data. This paper is based on Chapter 3 of the first author’s
dissertation’® at Massachusetts Institute of Technology. This work
received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 Research and Innovation Program (N°
742335, F-IMAGE). S.M. acknowledges support from the George
Thompson Fellowship at Stanford University.

Author contributions

M.C. and S.M. designed this study. S.M. carried out the data processing
and analysis, and wrote the initial manuscript. A.L. developed the
parallel-computation codes for seismic time-shifts measurements. M.C.
and R.v.d.H. supervised this project, and contributed to discussions of
the results and improvements of the manuscript.

Nature Communications | (2022)13:4643


https://www.ocwd.com/what-we-do/groundwater-management/groundwater-management-plan
https://www.ocwd.com/what-we-do/groundwater-management/groundwater-management-plan
https://www.wrd.org/reports/regional-groundwater-monitoring-report
https://www.wrd.org/reports/regional-groundwater-monitoring-report

Article

https://doi.org/10.1038/s41467-022-32194-3

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary
material available at

https://doi.org/10.1038/s41467-022-32194-3.

Correspondence and requests for materials should be addressed to
Shujuan Mao.

Peer review information Nature Communications thanks Roland Biirg-
mann, and the other, anonymous, reviewer for their contribution to the
peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:4643


https://doi.org/10.1038/s41467-022-32194-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Space-time monitoring of groundwater fluctuations�with passive seismic interferometry
	Results
	Seismic interferometry in Coastal Los Angeles Basins
	Temporal fluctuations
	Imaging seasonal variations
	Imaging cumulative variations

	Discussion
	Methods
	Passive seismic monitoring
	Imaging Δv/v in space
	Depth sensitivity

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




