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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.) 
 
The goals of our work are to develop time series analysis for the combined product that will form the ba-
sis of and be distributed as part of GPS component of the SCEC Community Geodetic Model (CGM). 
We investigate techniques for the accurate and consistent recovery of secular velocities using a combi-
nation of time series from different analysis centers that make their products available for this purpose in 
the presence of time-dependent deformation, such as post-seismic decays. In forming combined GPS 
time series we will focus on (1) weighting of individual contributions and assessing the correlations be-
tween series, (2) quantifying and accounting for mean differences between analyses even when they 
have realized in the same reference frame and (3) assessing how to best treat scale estimates when 
transforming coordinate systems. 

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 
Aseismic Transient Detection 

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. 
 



  

 
ii 

 
Figure 1 Comparison of the vertical component of time series for site P113 with and without the estima-
tion of scale when realigning to a common reference frame. (a) Publicly-distributed PBO product (no 
scale estimated); (b) Publicly-distributed UNR NA12 [Blewitt et al., 2013] product (scale estimated); (c) 
Publicly-distributed UNR IGb08 product (no scale estimated); (d) Same as (a) except with scale estimat-
ed during alignment to the reference frame. The difference between (b) and (c) or (a) and (d) demon-
strates directly the difference between time series where the scale is (b,d) and is not (a,c) estimated, 
given that these time series come from the same analysis center but are aligned to the reference frame 
in different ways. (c) compares well to (a), as expected for two time series created without estimating 
scale. (d) compares well to (b), as expected for two time series created with scale estimated. 

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 
 

1d, 1e, 5b 

 



  

 
iii 

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 work is a core piece of the production of the GPS component of the SCEC Community Geodetic Model. This 
product will eventually act as a resource for both the scientific and wider public community. Consensus for crea-
tion of time series and crustal velocities is required due to the current variety of projects that generate relevant 
products through a variety of approaches, which may result in subtle but significant differences in interpretation. 

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? 
 

Geodetic data products are now incorporated into probabilistic seismic hazard analyses (PSHAs), and they accura-
cy of these relies on an accurate, widespread and dense fault displacement and crustal velocity estimates. Beyond 
the scientific use of these PSHAs, they form a part of community education and outreach products, where they are 
visualized for public consumption. 

G. Project Publications 
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II. Technical Report 

A. Contributions to the GPS component of the Community Geodetic Model 
This work has built upon previous years’ work, during which many of the algorithms to combine available 
data products from GPS data analysis centers were developed. Here, we present a detailed analysis of 
the results of combination for ingestion into the. Furthermore, we report on the progress of the associated 
efforts to transfer the SCEC GPS data archive to UNAVCO, including the complex task of ensuring all 
metadata is ingested into the UNAVCO database, and any duplicate data previously submitted separately 
and stored therein is correctly accounted for. This will ultimately provide the community with a standard-
ized single product which will constitute the GPS component of the SCEC Community Geodetic Model. 
Much of what is reported here was presented to the SCEC CGM Working Group at a meeting in Pomona, 
CA, on January 28-29, 2016, which both T. Herring and M. Floyd attended. 

1. Combination of GPS time series products for the Community Geodetic Model 
The first stage of generating a single community product is to combine all available time series. This is 
achieved with our “tscon” and “tscomp” utilities, which are both available as part of the GAMIT/GLOBK 
GPS processing software suite. tscon ingests any number of standard formats of GPS time series availa-
ble from GPS data analysis centers (ACs) which process continuous GPS sites in California. These 
sources include: 

• The Geodesy Advancing Geosciences and EarthScope (GAGE) Facility 
(ftp://data-out.unavco.org/pub/products/position/); 

• The Jet Propulsion Laboratory (JPL) (http://sideshow.jpl.nasa.gov/post/series.html); 
• Scripps Institute of Oceanography’s (SIO) MEaSURES combination of the JPL and GAGE PBO 

products described above (ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/), although these 
are not included in the analyses and results described below because this product is already a 
combination of two products which are used separately; 

• The U.S. Geological Survey (e.g. 
http://earthquake.usgs.gov/monitoring/gps/data/networks/Southern_California/Southern_Californi
a_ITRF2008_xyz_files.tar.gz) 

• The Nevada Geodetic Laboratory at University of Nevada, Reno (UNR) 
(http://geodesy.unr.edu/gps_timeseries/txyz/). 

 
These data files are first converted to the PBO “.pos” format (see https://www.unavco.org/projects/major-
projects/pbo/lib/docs/gps_timeseries_format.pdf), with the option to transform the reference frame in 
which the data are given. The realization of a new frame is done by aligning the time series data using a 
transformation estimated from given sites to an a priori coordinate file, such as ITRF2008 (IGb08) or 
ITRF2008-North America [Altamimi et al., 2012]. The latter, which we refer to as “NAM08”, is used for the 
procedure and results reported here. As part of the conversion and transformation of all time series to a 
common format and reference frame, an attempt is made to scale the daily position uncertainties, which 
are known to relate to the chosen raw GPS processing software and strategy, based on statistics of the fit 
to the reference frame. The normalized RMS (χ2/degrees-of-freedom) misfit of the sites used to align 
each AC’s time series to NAM08 is used as the scale factor for the original reported standard deviations. 
The NRMS values are: 0.70 for PBO; 2.14 for JPL and USGS; 2.00 for UNR; and 1.17 for MEaSURES. 
 
During the initial comparisons of the time series, we identified a major error in the UNR time series, which 
we traced to an incorrect sign on the east component of the phase center offset (PCO) of a commonly 
used antenna model. This was reported to UNR immediately and we have been informed that repro-
cessing with the correct PCO is being undertaken. Furthermore, visual comparison of the vertical compo-
nent among the various ACs’ products revealed a fundamental discrepancy in the way scale is (or is not) 
estimated when aligning to a terrestrial reference frame to create the time series products, and how it 
may influence their interpretation. It became clear that some ACs, who do estimate scale when producing 
their final product realization, may be suppressing real vertical signals. The scale of a network is highly 
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correlated with the average height deviation of a network from some definition of the reference frame, 
which is usually linear and does not incorporate or account for seasonal variations. Consequently, for a 
regional network where seasonal variations are likely to be highly correlated over space and time, these 
real seasonal signals may be estimated. An example of this phenomenon is shown in Figure 1, below. It 
is clear that not estimating scale is necessary for maintaining vertical signals in time series. However, it is 
not clear how to treat scale ultimately, given that some of these vertical signals may be due to non-crustal 
deformation artifacts such as misrepresentation of satellite antenna offsets during raw data processing. 
 

 
Figure 1 Comparison of the vertical component of time series for site P113 with and without the estima-
tion of scale when realigning to a common reference frame. (a) Publicly-distributed PBO product (no 
scale estimated); (b) Publicly-distributed UNR NA12 [Blewitt et al., 2013] product (scale estimated); (c) 
Publicly-distributed UNR IGb08 product (no scale estimated); (d) Same as (a) except with scale estimated 
during alignment to the reference frame. The difference between (b) and (c) or (a) and (d) demonstrates 
directly the difference between time series where the scale is (b,d) and is not (a,c) estimated, given that 
these time series come from the same analysis center but are aligned to the reference frame in different 
ways. (c) compares well to (a), as expected for two time series created without estimating scale. (d) com-
pares well to (b), as expected for two time series created with scale estimated. 
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The second utility developed and introduced above, tscomp, performs two simple calculations with any 
number of “.pos” files converted from the AC sources: differencing and weighted averaging. These opera-
tions enable us to evaluate the analysis centers’ products against one another and form a combined, av-
eraged product. Given subtle but potentially significant differences in processing strategies adopted by 
each analysis center, such a combined product is usually superior to any chosen individual strategy or 
product. The International GNSS Service (IGS) operates such a policy when creating its public products, 
which are standard for subsequent use within the geodetic community. 
 
Here, we describe the results of such comparisons and combinations for the purpose and ultimate goal of 
creating SCEC CGM continuous GPS products (time series and derived velocities). Exactly the same ap-
proaches will be taken to incorporate survey (episodic) GPS data when those data are reprocessed and 
time series made available by other colleagues in the SCEC CGM Working Group. 
 
A clear and fundamental prerequisite when analyzing time series is an agreed set of discontinuities, in-
cluding those due to equipment changes and geophysical events such as earthquakes. Given this com-
mon set of discontinuities, each AC’s time series as well as the averaged time series are fit using a linear 
rate, offsets, post-seismic terms and seasonal (annual plus semi-annual periodic) terms. The results of 
comparisons both between time series and the derived velocities are summarized in Table 1, below. 
 

Analysis Number of 
sites 

Median WRMS / 
mm 

Up difference  
from average / 

mm 

Velocity WRMS misfit from aver-
age / mm/yr 

  N E U Mean Median Horizontal Vertical 
Average* 2200 1.1 1.1 5.1     
JPL 1634 1.3 1.2 5.7 -0.07 0.32 0.05 0.31 
MEaSURES 2936 1.6 1.6 5.7 -0.06 0.27 0.07 0.26 
PBO 2165 1.1 1.1 5.3 -0.44 -0.39 0.04 0.22 
UNR* 2112 1.4 1.3 5.9 7.37 7.66   
USGS 1509 1.2 1.1 5.6 0.30 0.32 0.07 0.32 
Table 1 Comparison of statistics of time series residuals, after fit to linear trend, discontinuities and post-
seismic terms (described below in the main text) and seasonal (annual plus semi-annual periodic) terms. 
Statistics given are: median weighted root-mean-square (WRMS) misfit for all time series for each AC; 
mean and median differences between each AC and the average in the up component of the time series; 
and WRMS misfits between velocities derived from each AC’s tine series and the averaged time series. 
The PBO differences in the latter values are larger because all other analyses estimate scale whereas it 
is not in the PBO analysis. See discussion of the consequences of estimating scale in the main text 
above. *UNR is not included in the due to the east offset and scale problems described above in the main 
text. 
 
The small differences between the derived velocities and the average show the extremely good agree-
ment between each AC’s time series product once a common reference frame and set of discontinuities 
is established. This provides us great confidence that the combined product is very rigorous in both its 
accuracy and precision for time series and velocities. When deriving velocities by fitting the time series as 
described above, two methods also agree to a similar level. One fitting technique used here is standard 
least squares inversion for the parameters; the other uses a Kalman filter approach that uses the full co-
variance matrix. WRMS differences (across all common sites in the networks) between derived velocities 
between these techniques is < 0.15 mm/yr for the horizontal component and < 0.5 mm/yr for the vertical 
component. 
 
Initial analysis of the residual time series to these fits show that there may be some significant deviations 
from such simple time series fits that will need to be accounted for in any further analysis, and in transient 
detection efforts. An example of a potential long-term velocity change is shown in Figure 2, below. 
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Figure 2 Comparison of time series without (left) and with (right) estimates of a logarithmic decay term 
plus additional velocity change after the 2010-04-04 Mw7.2 El Mayor-Cucupah earthquake (marked by red 
vertical line). Time series are a 30-day moving average of the east component of P473 (top) and P474 
(bottom). For P473, it is clear that the time series exhibits curvature and therefore requires a post-seismic 
decay term to be estimated, possibly in addition to a chance in velocity. For P474, it is not necessarily 
clear whether the time series requires a post-seismic decay, shows only a change in velocity, or both. 
Another possibility is that a post-seismic decay with a very large time constant manifests as an apparent 
change in velocity. The time series come from two nearby sites approximately 100 km apart in coastal 
southern Califonia. 
 
If such a velocity change is statistically justifiable and physically realistic, this will need to be considered 
carefully when modeling or interpreting crustal motion and, in this case, the influence of the 2010-04-04 
Mw7.2 El Mayor-Cucapah earthquake. Other such phenomena must be identified, documented and incor-
porated appropriately in any SCEC CGM velocity product, as well as clearly explained for any potential 
users of the product. 

2. Transition of the SCEC GPS data archive to UNAVCO 
During a visit to UNAVCO in August 2015, we organized a meeting with data managers and engineers to 
discuss details of incorporating the SCEC (survey) GPS data archive into the UNAVCO database. Alt-
hough transfer of the data files themselves is a trivial and straightforward task, the following issues were 
raised regarding incorporation of metadata: 
 

1. All occupations must have associated entries in UNAVCO’s database for display via the Data Ar-
chive Interface (http://www.unavco.org/data/gps-gnss/data-access-methods/dai2/app/dai2.html). 
Information includes: for each site, the type and location of the mark; and, for each occupation of 
the site, the equipment type and serial numbers, and other specific measurements such as an-
tenna height. Although all of this metadata is included in the headers of RINEX files in the SCEC 
GPS data archive as it currently stands, and has been meticulously verified and standardized dur-
ing previous work led by Duncan Agnew (see http://pfostrain.ucsd.edu/scecgps/), the UNAVCO 
database is a specialist format. Due to the episodic and infrequent nature of survey GPS meas-
urements, the task of entering this information is also still performed manually. Therefore the in-
corporation of over 12000 RINEX files is neither as trivial nor straightforward a task as the trans-
fer of the data files themselves. 

 
2. Sites that appear in both the SCEC and UNAVCO archive may have different four-character iden-

tifying codes. These will need to be identified and resolved. 
 

3. Many of the data files that exist in the SCEC archive already exist in the UNAVCO archive and 
will need to be identified and resolved. This must be considered in respect of the possible differ-
ences in site IDs, as described in point 2, above. Also, UNAVCO’s data policy requires that PIs 
are contacted for permission before any changes to their submitted data may proceed. This is 
significant when it comes to making the SCEC version of any occupation’s data file available as 
the master copy in the presence of any duplicate files. The details of such deduplication and as-
signment of a master version will be worked out in the coming year. 
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4. There is currently no way to incorporate much of the SCEC-specific information, such as the 
SCEC GPS monument index (see http://pfostrain.ucsd.edu/scecgps/monument.index.explan.ps). 

 
Furthermore, at the SCEC Community Geodetic Model meeting in Pomona in January 2016, Zheng-Kang 
Shen, who is leading the efforts to process the survey GPS solution for the CGM, reported that many in-
stances of incorrect metadata were discovered. We will be in communication with Zheng-Kang Shen to 
ensure that these instances are recorded adequately and reported to UNAVCO, where newly-
incorporated SCEC GPS data as well as existing data may need to updated for posterity. 
 
Nevertheless, we have agreed with UNAVCO to do as much of the deduplication work as possible prior to 
asking the UNAVCO database engineers to ingest the data files and incorporate the metadata into their 
database. This will likely take six months or more in total and will remain an ongoing task until its eventual 
completion. At this point, the SCEC GPS database may be officially retired and taken offline, directing 
potential users to the UNAVCO archive instead. 
 
At every stage, it is vital and we will continue to record any changes to the current SCEC GPS archive, 
which will remain archived in static form for posterity, for users in the future to follow or recreate the tran-
sition and incorporation process, and so that Duncan Agnew’s previous work for the SCEC Crustal Motion 
Model (CMM)  [Shen et al., 2011] is preserved in an updated context. 
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