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Abstract11

Aquifers are vital groundwater reservoirs for residential, agricultural, and industrial activi-12

ties worldwide. Tracking their state with high temporal and spatial resolution is critical for13

water resource management at the regional scale yet is rarely achieved from a single dataset.14

Here, we show that variations in groundwater levels can be mapped using perturbations in15

seismic velocity (dv/v). We recover daily measurements of dv/v in the San Gabriel Valley,16

California, from cross correlation of the ambient seismic field. dv/v reproduces the ground-17

water level changes that are marked by the multi-year depletions and rapid recharges typical18

of California’s cycles of droughts and floods. dv/v correlates spatially with vertical surface19

displacements and deformation measured with GPS. Our results successfully predict the vol-20

ume of water lost in the San Gabriel Valley during the 2012-2016 drought and thus provide a21

new approach to monitor groundwater storage.22

1 Introduction23

Groundwater supplies one third of the fresh water used for residential, agricultural, and24

industrial use in the world [Döll et al., 2012]. With increasing demand, over-withdrawal of25

groundwater has lead to subsidence and a loss of groundwater storage in numerous aquifers26

across the world [Galloway and Burbey, 2011]. This is especially problematic for more than27

two billion people worldwide that live farther than 5 km from a source of surface fresh wa-28

ter [Kummu et al., 2011]. Compounding this is the role of climate change, which has lead to29

more frequent and pronounced dry and hot years, along with stronger extreme precipitation30

events in places like California [Swain et al., 2016; Teng and Branstator, 2017; Dettinger31

et al., 2011]. Accurate monitoring of groundwater levels is required to manage water sup-32

plies, yet comprehensive groundwater level measurements on the local to global scales are33

lacking Wada et al. [2010], especially in the context of climate change [Taylor et al., 2012].34

Surface displacements measured by GPS provide high temporal but sparse spatial resolution35

of groundwater level changes [Bawden et al., 2001; King et al., 2007; Ji and Herring, 2012],36

while those measured by Interferometric Synthetic-Aperture Radar (InSAR) bring high spa-37

tial resolution but limited temporal resolution [King et al., 2007; Galloway and Hoffmann,38

2007; Chaussard et al., 2017]. Gravity measurements from the GRACE satellite are sensitive39

to water mass changes, but only at large wavelengths and they suffer non-uniqueness between40

water mass and aquifer depths [Rodell et al., 2009; Xiao et al., 2017].41

The cross-correlation of ambient seismic time series [Shapiro and Campillo, 2004;42

Campillo, 2006] can remedy these issues by providing high spatial and temporal resolu-43

tion of the change in bulk seismic velocity, dv/v, within a groundwater basin. dv/v has been44

widely used in recent years to study the dynamics of Earth’s crust in response to earthquakes45

[Brenguier et al., 2008a; Wegler et al., 2009; Taira et al., 2015], volcanic eruptions [Bren-46

guier et al., 2008b] and ice sheet melt [Mordret et al., 2015]. Seasonal variations from pre-47

cipitation [Sens-Schönfelder and Wegler, 2006; Meier et al., 2010; Tsai, 2011; Wang et al.,48

2017], air temperature changes [Meier et al., 2010; Tsai, 2011; Hillers et al., 2015], freeze-49

thaw of permafrost [James et al., 2017] and long-term variations from climatic forcing [Lecocq50

et al., 2017] are known to influence shallow seismic wavespeeds. dv/v is conducive to mon-51

itoring groundwater levels, as the velocity of seismic waves that scattered within water-52

saturated rocks is sensitive to changes in pore pressure [Grêt et al., 2006]. Increasing pore53

pressure opens cracks and decreases the area of grain contacts, which in turns decreases seis-54

mic velocity [Christensen and Wang, 1985]. Seismic waves naturally scatter in the Earth and55

provide an averaged and volumetric sampling of the medium. This contrasts with measure-56

ments from a ground water well, which are sensitive to a specific location [Healy and Cook,57

2002] that may not be representative of the aquifer if the permeability structure is heteroge-58

neous.59

This study presents the perturbations in bulk seismic velocity (dv/v) in the San Gabriel60

Valley (SGV), Eastern Los Angeles County, California. The SGV contains three unconfined,61
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urban aquifers: the San Gabriel, the Puente, and the Raymond Basins. The east-northeast-62

striking Raymond Fault acts as a barrier to flow between the Raymond and San Gabriel63

Basins, while the San Gabriel and Puente Basins are hydraulically connected [California64

Department of Water Resources, 1966; Yeats, 2004; Main San Gabriel Watermaster, 2017].65

Water-bearing sediments reach a maximum thickness of 1,200 m in the central part of the66

SGV [California Department of Water Resources, 1966]. The SGV Basin is recharged by a67

combination of infiltration from rainfall, runoff from the San Gabriel Mountains, stormwa-68

ter capture, and imported water from the State Water Project. During droughts, groundwa-69

ter supplies over 40% of water demand in the SGV [Main San Gabriel Watermaster, 2017].70

We consider changes in SGV groundwater in the period Jan 2000 - Jul 2017. This period71

is notable for having three major droughts in southern California (2002-2004, 2007-2009,72

and 2012-2016) [California Department of Water Resources, 2015]. During the most recent73

drought, groundwater levels dropped 18 m in the SGV in the Baldwin Park Key Well (Fig.74

1.), reaching all-time low levels in Oct 2016. Even with above average precipitation in the75

winter of 2016-2017, groundwater levels have only recovered 1.7 m in the SGV basin due to76

uptake by drought-parched soil [Main San Gabriel Watermaster, 2017].77

2 Data and Methods78

Ambient Seismic Cross-Correlation79

We use continuous data from broad-band vertical component seismometers in the Cal-80

ifornia Integrated Seismic Network (CI) from Jan 2000 - Jul 2017 (Fig 1.). All raw wave-81

forms are downsampled to 20 Hz, demeaned, and detrended. We apply one-bit normalization82

and whiten in the frequency domain from 0.05 to 4 Hz [Bensen et al., 2007; Lecocq et al.,83

2017]. Daily time series are segmented into 1-hour windows with 30 minutes of overlap be-84

tween successive windows and cross-correlated using the MSNoise package [Lecocq et al.,85

2014]. NCFs are computed for all station pairs in all available data ranges. Instrument cor-86

rections are applied after cross-correlating. Hourly windows of raw data with maximum87

absolute amplitude greater than ten times the standard deviation of the daily trace are dis-88

carded. A daily NCF is formed by stacking all hourly NCFs from each day.89

Daily changes in seismic velocity are computed using the Moving Window Cross-90

Spectrum (MWCS) technique [Poupinet et al., 1984; Clarke et al., 2011]. This technique,91

unlike the stretching technique of Sens-Schönfelder and Wegler [2006], does not assume a92

global, linear time shift in phase arrival and is less susceptible to temporal variations in the93

source of seismic noise [Zhan et al., 2013]. We compute time shifts, dt, in the coda of daily94

NCFs relative to a reference NCF, the stack of all NCFs for each station pair, in the 0.1 - 0.2595

Hz and 0.5 - 2 Hz frequency bands. For each day, the previous 30 days of NCFs are stacked96

to improve the stability of the MWCS analysis. Time shifts dt and coherency c between the97

reference and daily NCF are calculated beginning after the 0.5 km/s arrival in the coda in98

30 s windows for 0.1 - 0.25 Hz and 10 s windows for 0.5 - 2 Hz, shifted by 20% of the win-99

dow length. dt measurements with time shift dt ≤ 0.2 s in each window and coherency100

c ≥ 0.5 are included. A daily time shift dt/t is measured by regressing time shifts dt from101

each window in the causal and acausal part of the coda. Assuming that there is linear rela-102

tion between relative time lags and that the velocity change is homogeneous throughout the103

sampling medium, the daily velocity variation is just −dt/t = dv/v.104

dv/v Regionalization105

We map dv/v spatially in 1220 m x 905 m grid cells in the 0.5 - 2.0 Hz frequency band106

using the regionalization method of Brenguier et al. [2008b], which approximates the sensi-107

tivity of each station pair as an ellipse. dv/v in all grid cells within 3 km of the straight line108

path between each station pair are set as the difference in dv/v between the starting and end109

date of the period of interest. We then average all grid cells over all station pairs. A gaussian110

smoothing function has been applied to the dv/v maps in Fig 3. and 4. We did not use the111
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sensitivity kernels of Obermann et al. [2013] that assume homogeneous diffuse properties,112

which are unlikely to be satisfied in resonating sedimentary basins.113

2.1 Water Storage from dv/v.114

We calculate the change in groundwater storage dVw in a particular region in the SGV115

basin from dv/v using116

dVw = Sy A∆dv/v β (1)

where Sy is the specific yield, A is the area of a grid cell in the regionalization of dv/v,117

∆dv/v is the change in seismic velocity in a grid cell between two dates, and β is the ratio118

of a unit change in hydraulic head, ∆h, to a unit change in ∆dv/v [Fitts, 2013]. The prod-119

uct ∆dv/v β = ∆h gives the average change in hydraulic head in a grid cell. Sy varies from120

0.03 to 0.24 across the SGV, with averages of 0.14, 0.08 and 0.09 in the central, eastern, and121

western parts of the SGV, respectively [California Department of Water Resources, 1966].122

We take Sy = 0.12 as a representative, average value for the entire SGV basin. Assuming123

that the inflation of the aquifer was totally elastic [King et al., 2007], we use the 2005 rain124

event (Jan 1 - Jun 1 2005) to calibrate β for the SGV. A 16.8 m increase in groundwater level125

in the Key Well and -0.00125 (−0.125%) change in dv/v for the SGV basin gives a value of126

β = −13280 m

(m/s
m/s )

. We find a similar negative value of β = −10900 m

(m/s
m/s )

using the dv/v127

and groundwater level changes found by Lecocq et al. [2017]. We integrate dVw over all grid128

cells to get a total volume change within the SGV basin.129

3 Results and Discussion130

The dv/v variations we measure in the 0.5 - 2.0 Hz frequency range, which is greatly131

sensitive to the upper 1,000 m of the basin, are the most promising for groundwater monitor-132

ing at basin-scale [Obermann et al., 2013]. The change in groundwater level in the Baldwin133

Park Key Well explains most of the variance in the evolution of dv/v in the SGV. We observe134

three distinct functional forms in our dv/v measurements : 1) seasonal periodicity, 2) impul-135

sive events, and 3) multi-year linear trends (Fig 2.).136

Seasonality in dv/v has been observed recently throughout Japan [Wang et al., 2017],137

where precipitation (snow or water), sea level changes, and thermal effects were identified138

as probable mechanisms for seasonality in dv/v. Thermo-elastic strains were previously in-139

voked to be responsible for seasonality in dv/v in the Los Angeles Basin from Jan 2001 - Jan140

2004 [Meier et al., 2010], and in some cases the greatest contributer to the seasonal signal in141

the San Jacinto Fault area, California [Hillers et al., 2015]. We use a thermo-elastic model142

[Tsai, 2011] to remove seasonal dv/v due to surface temperature variations (Fig. 2.). We find143

that seasonal thermo-elastic strains induce perturbations in wavespeed of about 0.03%, much144

lower than the hydrological effects that perturb elastic wavespeeds that are about 0.15%. The145

seasonal residual in dv/v we measure is thus a component of the seasonal recharge in ground-146

water within the SGV basin [Jasechko et al., 2014].147

At the end of 2004, groundwater levels in the SGV were at an all-time low in the Bald-148

win Park Key Well since measurements began in 1932. In contrast, the winter of 2004-2005149

recorded the largest rainfall in a 100-year period in Los Angeles with 1 m of total precipi-150

tation. Water levels in the Baldwin Park Key Well increased by over 16 m in a span of five151

months. GPS stations recorded more than 40 mm of uplift in the central part of the SGV152

[King et al., 2007; Ji and Herring, 2012]. We find that dv/v decreased by 0.15% in the same153

time frame. This impulsive drop in dv/v is similar to that seen after nearby earthquakes [Bren-154

guier et al., 2008a; Wegler et al., 2009]. The largest decrease in dv/v is mapped in the center155

of the SGV (Fig. 3), where the basin is deepest [Yeats, 2004], as were the largest deforma-156

tions recorded with InSAR [King et al., 2007]. There is no statistically significant phase lag157
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between the groundwater levels and and dv/v response, suggesting a pure elastic response of158

the aquifer.159

dv/v due to groundwater level changes have been observed before [Sens-Schönfelder160

and Wegler, 2006], but not in the context of water resource management or drought. Re-161

cently, Lecocq et al. [2017] found that thermo-elastic strains, including those induced by162

long-term warming, and hydrologic loading contributed equally to dv/v over 30 years, due to163

relatively low fluctuations in groundwater levels, in the Grafenburg region, Germany. Here,164

the dominant process that impacts the variations in elastic wavespeed is the multi-year draw-165

down during periods of low precipitation [Teng and Branstator, 2017]. During the drought166

of 2012-2016, groundwater levels declined in the SGV at a rate of 450 mm/yr , which is one167

of the highest rates seen globally [Wada et al., 2010]. The largest change in dv/v during the168

drought occurred at two stations located within the basin and atop the thickest part of the169

aquifer [California Department of Water Resources, 1966]. During the period Jan 2012- Jan170

2017, when additional well data is available throughout the SGV, we find spatial correlation171

between the change in dv/v and spatial and temporal patterns of groundwater change. The172

strongest increase of dv/v occurs in the south of the SGV (Fig. 4.). A small decrease in dv/v173

during the same time frame suggests that the SGV and Raymond basins are hydraulically174

separated [California Department of Water Resources, 1966; Ji and Herring, 2012]. GPS175

stations during the same time period measured a contraction of the ground surface that may176

result from a elastic response of the basin.177

The strong temporal correlation between groundwater levels in the Baldwin Park Key178

Well and dv/v (Fig. 2.) and spatial agreement between GPS displacements and well levels179

at key periods of time provide us confidence to map the change in groundwater level. We180

use the instantaneous elastic response of the 2005 rainfall event to calibrate the conversion181

between dv/v and groundwater level. Applying this calibration factor to the regionalization182

of dv/v from Jan 2012 - Jan 2017 yields a water storage loss of 0.48 km3. This matches well183

with the 0.45 - 0.5 km3 of water that was pumped by from the main SGV Basin during the184

drought to meet water demand [Main San Gabriel Watermaster, 2017].185

Our results imply that the change in seismic velocity, dv/v, has tremendous potential186

to monitor groundwater fluctuations in basins of moderate-size aquifers. Our analysis is able187

to provide the water volume change, at much higher spatial resolution than GRACE data. It188

has also the capabilities to provide a direct and continuous monitoring of the spatial varia-189

tions in ground water levels, bypassing the need to deploy multiple groundwater wells and190

performing GPS inversions.191
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Figure 1. Groundwater level change in San Gabriel Valley during most recent drought (Fall 2012 - Fall
2016). Seismic stations are shown as blue triangles, and groundwater wells are shown as yellow circles. Black
circle indicates the position of the Baldwin Park Key well.
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Figure 2. Relating seismic wavespeed temporal perturbation to ground water levels. Observed dv/v stacked
over all station pairs (black) with modeled dv/v due to thermo-elastic strain (dashed) removed compared with
groundwater change (blue) in the Baldwin Park Key Well. Grey bars indicate lowest historical water levels of
the Baldwin Park Key Well. Blue patches indicate times of drought.

349

350

351

352

–9–



Confidential manuscript submitted to Geophysical Research Letters

Figure 3. dv/v and GPS measurements after the 2005 Rain Event. Regionalization of dv/v changes Jan 2005
- Jun 2005 following large precipitation event in the SGV. GPS stations (red = vertical, black = horizontal)
uplift and move away from center of aquifer. The dashed black lines indicate extent of ray coverage. Scaling
of dv/v and groundwater level is from 2005 rain event.
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Figure 4. dv/v and GPS measurements after 2012-2016 Drought. Regionalization of dv/v changes (Jan
2012- Jan 2017) during California’s worst drought. GPS stations move toward center of aquifer. Symbols are
same as in Fig. 3.
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