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Vertical rates across a transect from the central Coast Ranges to the
relatively stable Great Basin range up to about 3mmyr~ . The highest
average velocities concentrate along the margins of the valley (Fig. 2),
near the locus of the greatest historical changes in the deep confined
aquifer' (Fig. 1). The uplift rates of stations west of the San Joaquin Valley
are more variable than those at bedrock sites in the Sierra Nevada,
reflecting a higher proportion of stations on or near agricultural basins
or active faults in the central Coast Ranges. Scatter in the vertical rate
transect probably reflects shifts in the locus of groundwater change in
comparison with historical averages®, as well as some aleatory variabil-
ity. Nearby earthquakes, such as the San Simeon rupture in 2003 of
moment magnitude 6.5, may also influence stations near the coast with
anomalously high rates near 2mmyr ™' (Fig. 2). In the Sierra Nevada,
the highest vertical rates occur along the western slope and steadily
decay to the northeast in the Great Basin (Fig. 2). Previous studies show
asimilarly poor or inverse correlation between elevation and GPS uplift
rates across the Sierra Nevada’ . Modelling of postseismic viscoelastic
relaxation following nearby historical earthquakes suggests that such
transient strain accounts for only a fraction of the total observed ver-
tical signal in the southern Sierra Nevada®.

We compare vertical GPS rates with surface uplift predicted from an
elastic half-space model simulating the response to load changes dri-
ven by variations in total water storage (Fig. 2) (see Methods). The model
accounts for surface and subsurface deformation induced by line loads
distributed across a 60-km-wide strip over the surface of an elastic half-
space representing the San Joaquin Valley, the site of long-term, his-
torical groundwater unloading. Using a range of elastic parameters, we
fitted the GPS-derived vertical velocities with a rate of unloading of
8.8(*+1.3) X 10'Nm * yr71 (Fig. 2). We compare this estimate with
the current average unloading rate in the valley based on changes in total
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Figure 2 | GPS and model comparison. Swath profile of average
contemporary vertical GPS velocity, annual GPS vertical displacement
amplitude, and average topography from the central California Coast Range
to the western Great Basin (SAF, San Andreas Fault; CT, Coalinga thrust).
Vertical velocity and displacement amplitude are shown with 1¢ uncertainties.
The profile includes data from 121 stations and encompasses areas of the
greatest historical and current change to groundwater levels (boxed in Fig. 1).
The average GPS velocity is well fitted by an elastic model simulating surface
uplift resulting from the decline in total water storage (including groundwater
loss) centred along and parallel to the San Joaquin Valley. Seasonal changes
in the annual GPS displacement (peak-to-peak amplitude) are distributed
more broadly over the San Joaquin drainage basin, reflecting distribution of
winter precipitation, snow load and reservoirs. Blue bars show the width of
both the long-term and the seasonal loads used in the elastic model.
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water storage, measured using satellite gravimetry from the Gravity
Recovery and Climate Experiment (GRACE) (ref. 3; see Methods). This
change, measured between October 2003 and March 2010, yields an aver-
age equivalent unloading rate of 7.2 (=2.1) X 10’ Nm ™ 'yr~ ', slightly
lower but in good overall agreement with the GPS-derived estimate.

Assuming that changes in total water storage drive vertical motion
surrounding the San Joaquin Valley, the GPS data reflect a combina-
tion of short-term, elastic response to ongoing groundwater depletion
and longer-term viscous relaxation reflecting the history of hydrospheric
mass changes. Slight overestimation of the unloading rate based on the
GPS results leaves open the possibility of either a time-dependent (vis-
cous) component of the uplift signal, or a (smaller) contribution of on-
going tectonic uplift. Both the overall match between the elastic model
and observed GPS uplift (Fig. 2) and seasonal patterns inherent in the
phase and amplitude of the GPS vertical time series, however, demon-
strate the importance of the instantaneous (elastic) response to ground-
water unloading.

Annual peak uplift for GPS stations in the Coast Ranges and Sierra
Nevada occurs in the late summer and early autumn (Fig. 3), correspond-
ing with diminished snow and surface water loads*” and overlapping with
the end of the summer growing season and peak groundwater pumping
in the Central Valley (May to September; ref. 2). In contrast, recharge
during the early spring drives larger-amplitude peak uplift within the
valley through poro-elastic effects of aquifer water levels (Fig. 3 and
ref. 2). Seasonal vertical displacements are more broadly distributed
than average, long-term trends (Fig. 2), reflecting the variability in total
water storage in upland catchments feeding the San Joaquin Valley. Nota-
bly, stations along the valley margins move upward annually in accord-
ance with the Sierra Nevada and Coast Ranges during dry months and
show a corresponding subsidence during the wet winter and spring (Fig. 3).
These peripheral stations lead to the bimodal distribution for peak uplift
times observed for the Central Valley (inset to Fig. 3), indicating that
uplift from hydrospheric load changes dominates even the shortest-
term signals in the vertical GPS measurements for stations unaffected
by local irrigation or aquifer effects.

Flexure in the central Coast Ranges due to seasonal hydrospheric un-
loading in the San Joaquin Valley provides a viable mechanism to explain
the annual modulation of seismicity on the San Andreas Fault. Both the
locked and creeping fault sections at Parkfield (Fig. 1) exhibit an increase
in the number of earthquakes greater than magnitude 1.25 during the
late summer and autumn (Fig. 3), previously attributed to local changes
in effective stress linked to the hydrologic cycle®. We explore the poten-
tial seasonal impacts of unloading and uplift of the Coast Ranges on short-
term changes in the fault-normal stress resolved across the fault using the
elastic half-space model (see Methods). Taking estimates of annual varia-
tions of 100-300 mm in equivalent water height in the San Joaquin Valley
from GRACE data® and a wider load encompassing the Coast Ranges and
the western Sierra Nevada, the elastic model produces between 3 mm and
8 mm of maximum annual vertical ground motion, in good agreement
with the peak-to-peak amplitudes of annual uplift measured by GPS
(Fig. 2). The corresponding fault-normal stress variations on the San
Andreas Fault are near 1kPa at seismogenic depths (Extended Data
Fig. 4), with peak unclamping during the dry summer and autumn.
Although we cannot rule out the potential feedback of reduced effective
normal stress due to diffusion of pore fluids into fault zone rocks during
recharge®, our results suggest that unloading may contribute to seasonal
modulation of seismic activity on the central San Andreas Fault. A similar
mechanism was invoked to explain annual variations in seismicity in the
Himalayas'®. Stress changes due to groundwater unloading are somewhat
higher for other historically active faults closer to the valley such as the
Coalinga thrust system (Fig. 1), where peak-to-peak annual unloading
gives rise to positive Coulomb stress changes of 1.0 kPa to 1.7 kPa (see
Methods and Extended Data Fig. 4).

Given that relatively small annual stress perturbations (around 1 kPa)
appear sufficient to modulate earthquakes along the central San Andreas
Fault®, we use the elastic model to estimate the stress rate caused by
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