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I. Project Overview 

A. Abstract 
In the box below, describe the project objectives, methodology, and results obtained and their signifi-
cance. If this work is a continuation of a multi-year SCEC-funded project, please include major research 
findings for all previous years in the abstract. (Maximum 250 words.) 
 

This project aimed to 1) provide improved vertical crustal velocity estimates for California using improved meth-
odologies for correcting GPS position time series for the effects of loading from terrestrial water, atmosphere and 
non-tidal ocean variations, as well as from transient coseismic displacements, and 2) interpret both horizontal and 
(improved) vertical velocities in the context of regional tectonics and mantle convection. We made several ad-
vancements related to improving GPS vertical velocities, presented our findings on the need for combining satellite 
gravity data with GPS at the SCEC Annual Meeting, presented our observations about the limitations of current 
GPS time series at SCEC Community Geodetic Model workshop, and published the first of several planned papers 
linking mantle convection, seismicity and crustal deformation. 
 
 

B. SCEC Annual Science Highlights 
Each year, the Science Planning Committee reviews and summarizes SCEC research accomplishments, 
and presents the results to the SCEC community and funding agencies. Rank (in order of preference) the 
sections in which you would like your project results to appear. Choose up to 3 working groups from be-
low and re-order them according to your preference ranking. 
 

Tectonic Geodesy 
Stress and Deformation Through Time (SDOT) 
Community Modeling Environment (CME) 
 

C. Exemplary Figure 
Select one figure from your project report that best exemplifies the significance of the results. The figure 
may be used in the SCEC Annual Science Highlights and chosen for the cover of the Annual Meeting 
Proceedings Volume. In the box below, enter the figure number from the project report, figure caption and 
figure credits. 
 

Figure 1. Trade-off between inferred hydrological loading change and vertical rate estimate.  If the rate is estimated 
using the entire time series (left), the inferred loading change is small.  If the rate is estimated through 2013 (right) 
to avoid bias from the large drought-induced uplift from 2013~2015, the loading change is large.  Independent 
constraints from the GRACE mission will help partition long-term changes between hydrological and tectonic 
sources. 
 

D. SCEC Science Priorities 
In the box below, please list (in rank order) the SCEC priorities this project has achieved. See 
https://www.scec.org/research/priorities for list of SCEC research priorities. For example: 6a, 6b, 6c 
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1d, 2d, 5b 

 

E. Intellectual Merit 
How does the project contribute to the overall intellectual merit of SCEC? For example: How does the 
research contribute to advancing knowledge and understanding in the field and, more specifically, SCEC 
research objectives? To what extent has the activity developed creative and original concepts?  
 

This project has supported the development of corrections to western USA vertical velocity estimates from GPS to 
account for loading-induced displacements from atmosphere, oceans and terrestrial water.  Our realization of the 
need for an independent constraint on secular loading changes has prompted our integration of terrestrial water 
storage estimates from NASA's GRACE mission, a work currently in progress.  We were also able to contribute 
our insights into the limitations of currently available GPS time series to the SCEC Community Geodetic Model 
working group. 

F. Broader Impacts 
How does the project contribute to the broader impacts of SCEC as a whole? For example: How well has 
the activity promoted or supported teaching, training, and learning at your institution or across SCEC? If 
your project included a SCEC intern, what was his/her contribution? How has your project broadened the 
participation of underrepresented groups? To what extent has the project enhanced the infrastructure for 
research and education (e.g., facilities, instrumentation, networks, and partnerships)? What are some 
possible benefits of the activity to society? 
 

We have used our analysis of GPS time series from different analysis centers to engage in a dialogue with NSF's 
National Geodetic Facility (GAGE) about their processing procedures.  GAGE's time series are used by many hun-
dreds of users across academia, industry, the public sector, and education, and we think our discussions will be 
reflected in future academic and instructional materials that explain the GAGE methodology. 

G. Project Publications 
All publications and presentations of the work funded must be entered in the SCEC Publications data-
base. Log in at http://www.scec.org/user/login and select the Publications button to enter the SCEC Pub-
lications System. Please either (a) update a publication record you previously submitted or (b) add new 
publication record(s) as needed. If you have any problems, please email web@scec.org for assistance. 
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II. Technical Report 
This project aimed to 1) provide improved vertical crustal velocity estimates for California using improved 
methodologies for correcting GPS position time series for the effects of loading from terrestrial water, at-
mosphere and non-tidal ocean variations, as well as from transient coseismic displacements, and 2) in-
terpret both horizontal and (improved) vertical velocities in the context of regional tectonics and mantle 
convection.  

A. Project Results 
We made important advancements in several proposed tasks related to improving GPS vertical velocities, 
presented key findings at the SCEC Annual Meeting (Borsa et al., 2015) and the SCEC Community Geo-
detic Model Workshop (Borsa et al., 2015), and published the first of several planned papers linking man-
tle convection, seismicity and crustal deformation (Becker et al., 2015). 

1. GPS Vertical Velocity Corrections 
Unlike their horizontal counterparts, vertical velocities from GPS have long been considered to be unreli-
able due to the low signal-to-noise ratio between the underlying tectonic rates and various non-tectonic 
effects. The removal of seasonal variations in GPS time series is an example of mitigating a non-tectonic 
signal––specifically, seasonal changes in hydrological and atmospheric loading––but the methodology 
relies on the empirical estimation of a functional fit to the seasonal signal, which is problematic from the 
standpoint of uniqueness and completeness. Since load changes underlie much of the correlated non-
tectonic signal in vertical GPS time series, this suggests employing a universal physics-based loading 
correction that can work across the temporal spectrum.  We have been pursuing this correction and have 
made significant progress during the past year. 

GPS-observable deformation due to solid earth loading is expected to arise from surface pressure 
changes due to atmospheric circulation, changes in terrestrial water storage, and non-tidal changes in 
ocean loading (displacements from both solid earth tides and ocean tidal loading are calculated and re-
moved from GPS positions during post-processing).  We consider each of these in turn, and discuss key 
differences between post-processed GPS time series from different analysis centers. 

Atmosphere pressure loading 
We have validated and implemented an atmosphere surface pressure correction, using both our own es-
timated displacements and those available from the Global Geodetic Observing System 
(http://ggosatm.hg.tuwien.ac.at/loading.html).  For our displacement estimates, we used 3-hour global 
surface pressure measurements on a 1-degree grid from the GLDAS NOAH data product, which we pro-
cessed using SPOTL (http://igppweb.ucsd.edu/~agnew/Spotl/spotlmain.html) to obtain the corresponding 
surface displacements at the location of all continuous GPS stations in the Plate Boundary Observatory 
(PBO) California network.  Comparison with the gridded GGOS 6-hour displacements––bilinearly interpo-
lated to the same station locations––showed that the two were nearly identical, so we are using the pre-
calculated GGOS estimates in our current work. 

Non-tidal ocean loading 
We had planned to estimate and remove the effect of non-tidal ocean loading from all GPS position time 
series, but we did not have sufficient time to complete this task.  We did investigate the correction, and 
plan to use the monthly 1 x 1 degree gridded displacement product from NASA Goddard's non-tidal 
ocean loading service, appropriately interpolated, for this correction. 

Hydrological loading 
We have made significant progress inverting the GPS vertical displacement field to recover terrestrial wa-
ter storage anomalies (TWSA) that we in turn can forward model to generate the associated displacement 
changes over time at each GPS station.  This is done as an inverse problem because the TWSA distribu- 
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tion can only be determined from GPS by using a network spread over a broad area, and we focused on 
testing the inversion in our work.  What we discovered in the course of our work, which we should have 
known beforehand, was that linear changes in TWSA trade off exactly with changes in secular tectonic 
rates (Borsa et al., 2015).  It is thus impossible to estimate vertical velocities without incorporating inde-
pendent information in the form of TWSA estimates from NASA's GRACE mission (Figure 1).  We are 
working now to incorporate GRACE data into our inversions in the form of integrated constraints on 
TWSA, which will finally allow us to achieve our original goal of improving the tectonic rate estimates. 

Impact of sourcing GPS positions from different analysis centers 
Users of GPS position time series no longer have to post-process the raw GPS data themselves, but can 
rely on a handful of analysis centers to process and publish station positions.  Although these analysis 
centers typically use the most up-to-date processing techniques, we have observed significant differences 

Figure 2. Trade-off between in-
ferred hydrological loading 
change and vertical rate estimate.  
If the rate is estimated using the 
entire time series (left), the in-
ferred loading change is small.  If 
the rate is estimated through 2013 
(right) to avoid bias from the large 
drought-induced uplift from 
2013~2015, the loading change is 
large.  Independent constraints 
from the GRACE mission will help 
partition long-term changes be-
tween hydrological and tectonic 
sources. 
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between the time series from two of the primary US centers: the University of Nevada Reno, and UNA-
VCO's GAGE Facility (Borsa et al., 2016) (Figure 2).   

We have identified one of the key contributing factors to these differences to be the how the two analysis 
centers handle the scale parameter when aligning GPS stations to the reference frame each day. GAGE 
does not estimate a scale factor, whereas UNR does estimate scale based on some currently unknown 
set of GPS stations.  This difference is manifested in the different magnitude and shape of the seasonal 
signal (Figure 2, red time series), with the UNR seasonal smaller than the GAGE seasonal.  Also, the 
muted expression of long-period variability in UNR's time series that we believe is due to western USA 
hydrological loading (Figure 2, green line) either points to a scale estimate that is overweighted to the 
western USA or some kind of spatial filtering.   

This comparison has resulted in a rethinking of our GPS correction strategy.  We now plan to use scale-
free UNAVCO positions, will estimate and remove displacements due to global hydrological loading out-
side the PBO footprint (estimated from GLDAS data), and will use the GPS/GRACE combination to esti-
mate hydrological loading within the PBO footprint.  This procedure should properly account for the global 
scale effects that need to be estimated and removed from GPS time series. 

 

2. Removal of Coseismic and Postseismic Transients 
Coseismic and post-seismic crustal deformation from the 2010 M7.2 El Mayor-Cucapah (EMC) earth-
quake has greatly impacted the position time series of GPS stations from Southern California, but the 
EMC event is not the only one with significant transients.  Post-seismic transients from the Landers, Hec-
tor Mine and Parkfield earthquakes can be observed in contemporaneous GPS positions, along with 
co/post-seismic effects from several earthquakes off the coast of Mendocino. 

Our original plan for removing these transients was via the standard procedure of estimating a coseismic 
offset and fitting a one or two-term exponential to each component of the GPS time series.  Unfortunately, 
we discovered in the course of our work that this procedure has the unwanted side effect of removing ver-
tical signals due to long-period load changes, such as those from California's recent drought.  Attempting 
to solve this problem by appealing to the spatial correlation of post-seismic transients is not valid, since 
climatological load changes are correlated at these scales. Unless the post-seismic effect is independent-
ly modeled, we do not have an effective way of removing the corresponding crustal deformation. 

Figure 3.  Vertical GPS time series 
from GPS station P572 processed 
by analysis centers at University of 
Nevada Reno (left) and UNAVCO's 
GAGE Facility (right).  Estimation 
of a scale factor in the UNR time 
series results in smaller-amplitude 
seasonal signals (red line) and 
muted long-period signals (green 
line) in the UNR time series.  The 
blue circle indicates a period when 
heavy precipitation caused exten-
sive subsidence across the west-
ern USA; this signal is apparent in 
the GAGE time series, but not in 
the UNR time series. 
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We will be partnering with others to estimate and remove post-seismic effects.  Our current solution has 
been to estimate and remove co-seismic offsets from the earthquakes cited above (which are observed 
the furthest from the fault rupture) and to identify and remove GPS timeseries whose horizontal time se-
ries deviate significantly from linearity.  This approach is automated and does not result in the removal of 
time series that are affected by long-term loading, since loading signals in the horizontal are so muted 
relative to post-seismic deformation. 

3. Initial Analysis of Vertical Velocities  
Although we have not yet produced fully corrected GPS vertical rates, we did analyze current GAGE-
estimated vertical rates for PBO GPS stations in the context of mantle convection in the western USA 
(Becker et al., 2015). We found that positive crustal velocities from GPS are located in regions with high 
gravitational potential energy (GPE), thin crust, and horizontal extension.  Since much of the western 
USA has been in a prolonged drought (15 years for the Colorado Basin), and because most of our GPS 
time series are comparatively short (10~12 years), we cannot rule out the possibility that long-term hydro-
logical effects are biasing our GPS verticals.  The new combined GPS/GRACE velocity estimates we are 
currently developing are needed to address this question. 
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