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Seasonal Displacements
Vertical GPS Time Series

Seasonal modulation

Seasonal modulation

Groundwater Extraction
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Periodicity in Seismicity Records

Central Coast Ranges Seismicity
M≥2.5 Declustered and Detrended

Dutilleul, Johnson, Bürgmann, et al., JGR, 2015

Evidence for Stress Modulation
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Seasonal Loading and Coulomb Failure

Stress on faults 1-100 MPa 
(range of stress drop)

Tectonic Loading
5-50 kPa/yr loading rate

Seasonal Modulation
100 mm water load ≈ 1kPa

UNR GPS NA12 solution
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Evidence of Water/Snow Loading and Seismicity

Snow Region No Snow Region

Heki, 2003
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<10kPa Stress Change

26 Eq’s 58 Eq’s

high- and low-pressure weather systems, but the range in height in California averaged over 1 month is
typically no more than 3 mm. Moreover, atmospheric height changes are not sustained over the seasons.
In ECMWF’s ERA-Interim reanalysis [Dee et al., 2011], the seasonal atmospheric vertical oscillation from 1
April to 1 October ranges from 0.0 mm along the California coast to !1.2 mm in the central Great Basin
(Figures 4, S4, and S5). If we were to adjust for atmospheric loading in ECMWF, the seasonal oscillation in
water thickness inferred by GPS would increase by 0.05 m in the Great Basin. Seasonal vertical oscillations
are also calculated to be small in the atmosphere model from the (NCEP) National Center for
Environmental Prediction [van Dam and Wahr, 1987; geophy.uni.lu/ncep-loading.html].

4. Discussion

GRACE gravity observations have been used to infer that California’s Central Valley lost 20 km3 of
groundwater from 2003 to 2010, for a loss rate of 3 km3/yr [Famiglietti et al., 2011]. We anticipate that GPS and
GRACE will next be used together to more accurately estimate groundwater change. GRACE has the strength
that it strongly constrains total water storage. GPS has the strength that it resolves solid Earth’s elastic
response to surface loading at high lateral resolution, thus constraining the distribution of snow and water.
GPS will be used to determine total surface water change in the Sierra Nevada Mountains (soil moisture plus
snow plus reservoir water), thus distinguishing between and further constraining the hydrology models.
GRACE will then be used to more accurately determine groundwater change in the Central Valley using the
hydrology model fit to the GPS data.

We expect horizontal motions of GPS sites to be capable of further constraining seasonal change in total
water thickness [Wahr et al., 2013; Fu et al., 2013].

Figure 3. Average increase in equivalent water thickness (color gradations) in the fall and winter in the (left) NLDAS-Noah and (right) composite hydrology models.
The average increase in water thickness from 1 October to 1 April is calculated from the sinusoid fit to data in the hydrology models from 2007 through 2012. The
composite model consists of soil moisture in NLDAS, snow water equivalent in SNODAS, and reservoir water in CDEC. The four artificial reservoirs with the largest
seasonal oscillations are plotted (blue squares) at Figure 3 (right).

Geophysical Research Letters 10.1002/2014GL059570

ARGUS ET AL. ©2014. American Geophysical Union. All Rights Reserved. 1977

Argus et al., 2014
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Elastic Load Model

• Effective Water Storage 
estimated from vertical 
GPS displacement 

• GPS Stations in the 
Central Valley omitted

• Invert displacement for 
mass on surface and 
estimate water storage

Remove of  1 m of  water 
from 25km region

Vertical

Horizontal

Inversion following Argus et al., GRL, 2014 and Fu et al., JGR, 2015
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Inverted using vertical GPS displacement following 
Argus et al. GRL 2014 & Fu et al. JGR 2015

Terrestrail Water Storage

Johnson, Fu, and Bürgmann, Science, 20176/28/18

Observed Modeled

Residual
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GRACE / GLDAS Comparison
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Deformation Modeling
• Linear Elastic
• Stress at 8 km Depth
• Rotate to Failure Plane
• Shear (σS) and Normal (σN)
• ΔCoulomb = ΔσS + μ ΔσN

• Seasonal stress on focal plane

6/28/18 Johnson, Fu, and Bürgmann, Science 2017

2006-2015 declustered focal mechanisms
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Percent excess M≥2.0 seismicity
Shear Stress Amplitude and Rate

Amplitude

Rate
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Johnson, Fu, and Bürgmann, Science 2017
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Are Other Loading Sources Contributing to 
Earthquake Modulation?

• Surface Water

• Atmosphere

• Temperature 

• Ocean
• Non tidal Ocean

• Earth Body Tides

• Earth Pole Tides
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Johnson, Fu, and Bürgmann, JGR 2017
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What is the Largest Annual Load?

6/28/18 Johnson, Fu, and Bürgmann, JGR, 2017
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Background Stress Orientation

Invert using high quality 
focal mechanisms

No amplitude information

SHmax Azimuth shown

Colored by Tensor Shape
Describes the Rupture Style

Project Seasonal Stress into 
Principal Orientations

Test for Excess Seismicity
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Percent Excess Seismicity
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Expected Sigma-1 & Sigma-3: More events 
when mean stress decreases

2006-2014 declustered hypocentral seismicity
Principal components derived from focal mechanism inversion
Loading time series projected into ambient stress field
Earthquakes at each inversion point used in calculation
Fault unclamping indicates a correlation
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Failure Mechanism
• Change in mean normal stress
– Possible fluid interaction
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1/ Is Seasonal Hydrological Loading
Modulating Seismicity?

Are faults responding to stress perturbations with annual periods?
Hydrological loading is a large contributing factor in the modulation 
of  earthquakes from the annual stress cycles

Is the crust critically stressed?
Excess seismicity from a 1-5 kPa

What is the failure mechanism for earthquake nucleation?
Positive correlation with peak stress amplitude suggests an 
instantaneous threshold failure stress. Positive correlation with peak 
stressing rate suggests agrees with lab and model results

2/ Are Other Natural Deformation 
Sources Contributing?

All natural loading cycles should be considered when analyzing 
seasonal stress cycles. Water is the largest.

Seismicity indicates more events when loading align with ambient 
background stress orientation.
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Thank You
Questions?
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