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1. [bookmark: _Toc38360733]Overview
Since its inception in the early 1980’s, GPS/GNSS geodesy has contributed to a wide range of scientific and societal applications including tectonic motion, crustal deformation, natural and anthropogenic processes and hazards, including earthquakes, tsunamis, volcanoes, the cryosphere, extreme weather, sea level rise, climate change and hydrology. Our project “Extended Solid Earth Science ESDR System” (ESESES), a continuation and expansion of the MEaSUREs “Solid Earth Science ESDR System” (SESES) project (2012-2018), provides the basic infrastructure, data and data products for these applications. It is a collaborative effort of the Jet Propulsion Laboratory (JPL) and Scripps Institution of Oceanography (SIO) and its Scripps Orbit and Permanent Array Center (SOPAC). The Earth Science Data Records (ESDRs) from SESES (Table 1, items 1.1-1.5) now span twenty-five years for the earliest stations and are now available for thousands of global and regional continuous GPS stations (Figure 1). These ESDRs will continue to be generated for a significantly expanded list of stations. In ESESES we will provide three new ESDRs (Table 1, items 2.1-2.3): (1) continuous high-rate (1 Hz) geodetic (GNSS) and seismogeodetic displacement time series to record, for example, significant earthquakes, (2) slow slip events (SSEs) and other transients, and (3) total near-surface water content over the continental U.S. We will exploit technological developments including GPS modernization, multiple satellite constellations (GNSS) and new processing methods. [image: ]
Figure 1. The project is adding new ESDRs (Table 1) to enhance geographical coverage with hundreds of additional GNSS stations (white triangles) focusing on tectonic plate boundaries (black lines) for crustal deformation and natural hazards applications, and the continental U.S. for near-surface water content. Shown are earthquakes greater than magnitude 5 (brown squares) since 1990 with their global centroid moment tensor (CMT) solutions.


The purpose of this document is to describe the data products and the theoretical basis for their generation.
The ESDRs for the project (Table 1) are produced using the processes captured schematically in the flow diagram (Figure 2). They begin with the production of two Level 1 products: (1) daily and continuous long-term raw displacement time series (Level 1A) and (2) troposphere delay estimates at selectable intervals (5 and 60 minutes) (Level 1B) that are generated using identical GNSS observations (carrier phase and pseudorange) and metadata stored in a unified database maintained at SOPAC. The daily raw JPL and SIO displacement time series are generated using independent processing strategies and software: GPS-Inferred Positioning SYstem and Orbit Analysis SImulation Software (GIPSY-OASIS), and GAMIT/GLOBK software, respectively. The two solutions are combined to form a Level 1C calibrated and validated displacement time series (Figure 3) that underly the generation of further ESDRs[footnoteRef:1]. Likewise, both JPL and SIO analyze high-rate (1 Hz) displacements.  [1:  This data production model originates in the recommendations from the science advisory council of the Southern California Integrated GPS Network (SCIGN) project and adopted by the Plate Boundary Observatory (PBO) and other monitoring projects.] 
[image: ]
Figure 2. Hierarchy of ESDR product generation for the ESESES project. Bold-red-outlined boxes indicate new ESDRs. Our Web presence can be found at http://sopac-csrc.ucsd.edu/index.php/measures-2/. Our map and products interface GPS Explorer have been replaced in May 2020 by MGViz (Section 12).


[image: ]
We also present on the following 2 pages a quick reference to the products, relevant features and their access locations.


[image: ]
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2. [bookmark: _Toc16158549][bookmark: _Toc16672956][bookmark: _Toc16673788][bookmark: _Toc16674294][bookmark: _Toc16158550][bookmark: _Toc16672957][bookmark: _Toc16673789][bookmark: _Toc16674295][bookmark: _Toc16158551][bookmark: _Toc16672958][bookmark: _Toc16673790][bookmark: _Toc16674296][bookmark: _3znysh7][bookmark: _Toc38360734]Level 1A ESDR: Raw 3-D Displacement Time Series 
[bookmark: _Hlk8290373]Definition: Long-term raw daily time series of GNSS-derived 3-D station displacements from global and regional stations.


Both the JPL and the SIO analysis centers use the Level 0 raw GPS observables (dual-frequency phase and pseudorange stored in Hatanaka-compressed (http://sopac-csrc.ucsd.edu/index.php/hatanaka) RINEX files – currently version 2.11 but will be migrated to version 3 over the lifetime of the project) and a single source of station information (metadata) stored in the SOPAC archive to ensure maximum consistency between our respective displacement time series.  The stations used are defined by a master list of global and regional continuous GPS stations that is maintained through the SOPAC archive and database. The primary metadata consist of nominal station ITRF2014 positions, GPS equipment (receiver and antenna) models and serial numbers, and antenna offsets from the monument reference point. Changes in the metadata are entered into the database and reflected in IGS-formatted site logs obtained from other data centers, as well as for those stations managed by SOPAC (http://sopac-csrc.ucsd.edu/index.php/sitelogs/).[image: ]
Figure 3: Example of L1C product. Filtered combined displacement time series in North, East, and Vertical components for station PIN2 from 1992 to 2019. The time series are detrended and include the effects of coseismic and postseismic deformation. Thin vertical lines denote non-tectonic offsets primarily due to unlike antenna changes. The early scatter in the data (1992-1995) is due to insufficient infrastructure for GPS orbit and reference frame determination preceding the establishment of the International GNSS Service (e.g., Noll et al., 2009).


[bookmark: _2et92p0][bookmark: _tyjcwt][bookmark: _3dy6vkm][bookmark: _Toc38360735]2.1 GIPSY Analysis
Processing strategy - Precise Point Positioning
The JPL Level 1A ESDR consists of daily GNSS station positions estimated using the GipsyX Network Processor (NWPx), which runs the GipsyX GPS data analysis software.  The NWPx has been developed to analyze daily positions for large GPS networks using precise point positioning (PPP) (Zumberge et al., 1997) with ambiguity resolution (Bertiger et al., 2010) in a non-fiducial frame, later rotated into the IGS realization of ITRF. In the PPP strategy, satellite clock and orbits are fixed to the values provided from a separate precise orbit determination process.  We use the JPL final (also historically termed JPL FLINN) non-fiducial orbits and satellite clock data products, which are the highest precision orbits released by JPL, with a latency of 4-14 days to allow for remote stations with slower data transmission to be included.
Analysis strategy and physical models
1. Solid Earth tides (IERS 2010 convention (Petit and Luzum, 2010)) 
2. Ocean tidal loading (IERS 2010 convention)
3. Pole tide (IERS 2010 convention)
4. Satellite yaw model (GYM95 (Bar-Sever, 1996))
5. GPT2w (Boehm, 2015) tropospheric mapping function for hydrostatic and wet components of the troposphere
6. General relativity effect (periodic clock corrections and gravity bending corrections applied) (IERS 2010 convention)
7. Absolute IGS phase center maps for receiver and transmitter antennas (ftp://ftp.igs.org/pub/station/general/antenna_README.pdf)  
8. GNSS data observations decimated to 5-minute intervals
9. Elevation angle cut-off set at 7 degrees 
The wet zenith delay and two tropospheric gradient parameters are estimated as random walk parameters, updated every 5 minutes (Bar-Sever et al., 1998), with variance of 5 x 10-8 km/sqrt(sec) and 5x10-9 km/sqrt(sec), respectively.  
A priori information and constraints
The GNSS analysis software requires the following a priori information for each station: station coordinates, antenna and receiver equipment type, phase center offsets for antenna, and the vector from the station monument to the reference point on the antenna. These metadata are kept up-to-date by SOPAC and are managed through the Oracle database. JPL retrieves this information from an XML file generated from the database and placed in the SOPAC archive for retrieval via ftp. A priori values for hydrostatic and wet delays are extracted from the GPT2w model (Boehm, 2015).
Ambiguity Resolution 
Single station ambiguity resolution is performed using Wide Lane Phase Bias Files delivered with the JPL orbits (Bertiger et al., 2010).
Frame Rotation
The station positions resulting from this analysis are in a non-fiducial frame, defined by the orbits and clocks used in the PPP analysis. These station positions are then rotated into the ITRF2014 (Altamimi et al., 2016) using a 7-parameter Helmert transformation, defined in a file provided with the JPL precise satellite ephemeris. 
Loosely constrained files
In order to allow the JPL solution to be combined with SIO’s GAMIT/GLOBK solutions, we apply minimal internal constraints to the covariance matrix so that it reflects the translational, rotational, and scalar uncertainty of the non-fiducial frame solution.
Raw 3-D daily displacements and covariance matrix
The GIPSY solutions are stored in STACOV files, available from ftp://garner.ucsd.edu/pub/solutions/gipsy/. These are referred to as the “Raw” displacement solutions and are accessible from ftp://garner.ucsd.edu/pub/timeseries/measures/ats/WesternNorthAmerica/. These are later translated, rotated and combined with the GAMIT solutions and combined by a process described in Section 3.
[bookmark: _Toc38360736]2.2 GAMIT Analysis
Processing Strategy - Distributed sub-network processing
Daily GPS processing is carried out using the GAMIT/GLOBK software (http://www-gpsg.mit.edu/~simon/gtgk/; http://sopac-csrc.ucsd.edu/index.php/gamit-globk/; (Herring et al., 2018) using a distributed processing approach (Zhang, 1996) on two sets of stations: global and regional (Scheme 1).  Both solutions use 24-hour (0:00-23:59:30 GPST) RINEX-formatted data sampled at 30 s.  The global solution uses data from 300+ IGS sites, divided in multiple (~8) sub-networks.  The regional solution uses data from approximately 2000 western North America stations and stations of certain regions of special interest (Figure 1), divided into ~40 sub-networks.  Any individual sub-network has at least 3-6 overlapping stations with its immediate neighboring sub-network, in order to provide the necessary ties within a common reference frame in the process of combining the sub-networks using the GLOBK software.[image: ] Scheme 1. Distributed sub-network GAMIT processing performed at SIO.

GAMIT solutions are iterated. That is, a pre-fit solution is followed by a post-fit solution to refine the modeling errors by taking advantage of post-fit residuals.  In this process, a set of elevation-dependent functions, based on actual observations, are constructed on a site by site basis to down-weight noisier data at lower elevations. 
Physical Models
1. Solid Earth tides (IERS 2010 convention (Petit and Luzum, 2010)
2. Ocean tidal loading (FES04 model with center of mass correction) (Agnew, 2012)
3. Pole tide (IERS 2010 convention)
4. Satellite yaw model (GYM95 (Bar-Sever, 1996))
5. VMF1 tropospheric mapping function (Boehm et al., 2006) for hydrostatic and wet components of the troposphere
6. 2nd and 3rd order ionospheric correction using the IGS AC published IONEX model
7. Absolute IGS phase center maps for station and satellite antennas (ftp://igs.org/pub/station/general/antenna_README.pdf)
8. General relativity effects (IERS 2010 convention)
9. IGS differential code bias (DCB, Wang et al., 2016)
10. BERN 15-parameter solar radiation model (Springer et al., 1999)

In addition, the first-order ionospheric effects and the satellite and receiver clock errors are eliminated through double differencing of the GPS observations (Dong and Bock, 1989). The elevation cutoff is set to 10° while automatic data cleaning uses all data regardless of their elevation.  The atmospheric tidal loading model in GAMIT is currently not applied.
A priori information and constraints
The a priori parameters include IGS rapid orbits, IERS Bulletin A Earth orientation parameters (EOP) https://www.iers.org/IERS/EN/DataProducts/EarthOrientationData/eop.html, and station positions.  The a priori positions (in the current definition of ITRF, currently ITRF2014) are taken from SOPAC’s previous weekly solution, except IGS14 (IGS realization of ITRF2014) core stations whose epoch-date positions are taken as published (IGSMail 7399; ftp://igs-rf.ign.fr/pub/IGS14; ftp://igs-rf.ensg.eu/pub/IGS14).  ITRF core station positions are constrained to 2-3 mm horizontally, and 5-10 mm vertically.  For other reference stations, the constraints are set to 25 mm horizontally and 50-150 mm vertically.  New stations are allowed to freely adjust.  For orbit and radiation parameters, the constraints are 10 cm.  For polar motion X and Y components, they are constrained to 3 mas (~10 cm) in position, and to 0.1 mas/day in rate.  For UT1-UTC, the constraints are set to 0.02 ms in epoch, 0.1 ms/day in rate. The tropospheric zenith delays are constrained to 0.5 m within each estimation interval (hourly), and their variations are constrained to 10 cm between intervals with correlation time set to 100 hours.
During per station modeling and automatic data cleaning, GAMIT uses all observations at the specified sampling interval, currently 30 s. To save computational time, at the stage of solving the normal equations, the pre-fit solution only uses every 10th double-difference observable epoch (=300 s sampling interval). The post-fit solution uses every 4th epoch (=120 s sampling interval).
Solutions and estimated parameters
1. Satellite orbits (3 xyz and 3 xyz velocities plus 9 radiation parameters (Springer et al., 1999) 24 hourly)
2. Earth orientation parameters (EOP) (24 hourly)
3. Station positions (24 hourly)
4. Tropospheric zenith delay parameters (hourly)
5. Tropospheric delay gradients (12-hourly in north-south and east-west directions)
6. L1 and L2 phase ambiguities
Four-step GAMIT solution
1.	Coordinates and orbits constrained, phase ambiguities are free.
2.	Coordinates and orbits constrained, phase ambiguities are fixed to integer values.
3.	Coordinates and orbits loosely constrained, phase ambiguities are free.
4.	Coordinates and orbits loosely constrained, phase ambiguities are fixed to integer values.
The estimated parameters and the full covariance matrices of step 4 for each of the individual sub-networks is saved into a set of GAMIT solution files (h-files) as the quasi observations for further processing for the SIO and combined raw displacement time series.
Archive of GAMIT solutions is incomplete. Only rapid solutions can be found at  ftp://garner.ucsd.edu/solutions/global/.  Archive of regional solution ended in 2017 at the transition to IGS14. The ongoing and SOPAC regional and global repro solutions (for Caltrans datum project – Bock et al. (2017) for regional and global were stored “in solutionsR1” and changed to “solutions” in late August 2019. 	Comment by Yehuda Bock: Anne, Peng: To do item. Needs to be clarified
[bookmark: _Toc38360737]2.3 Coordinate systems
The JPL and SIO analyses provide daily station position estimates (X, Y, Z) in a global Earth-fixed, Earth-centered terrestrial reference frame (the latest being the IGS14 realization of ITRF2014 – Altamimi et al. (2016)) and their covariance matrices collected in STACOV (GIPSY) and h-files (GAMIT), respectively. We transform these coordinates into more intuitive and physically meaningful horizontal and vertical displacements (at epoch  with respect to station positions (X0, Y0, Z0) at an initial epoch , according to:
 		(1)
The relationship between “geodetic” coordinates (, , h), (ellipsoidal latitude, longitude and height) and spatial (X, Y, Z) coordinates is
 	(2)
with semimajor axis a, inverse flattening (1/f), and e the ellipsoidal eccentricity. The parameters used in the transformation are the WGS84 values: a=6378137 and 1/f=298.257223563. The initial epoch refers to the first daily position and is in general different for each station.
Given the covariance matrix  from the GPS position analysis,
							(3)
the propagation to the covariance matrix in the local frame at epoch t is given by
=.				(4)
[bookmark: _Toc38360738]2.5 Displacement Offsets
The daily estimated station displacement time series may contain various offsets due to either geophysical sources (e.g., earthquake rupture – coseismic displacements) or non-geophysical systematic errors (e.g., antenna height changes, metadata errors, changes to unlike antennas, phase center modeling errors, reference frame inconsistencies between the two analysis centers). Most of the non-geophysical offsets are due to changes in the type of antenna.  Although both analysis centers use absolute antenna phase center models provided by the IGS, there still are residual offsets due to imperfections in the antenna production and calibrations. Other than possible reference frame inconsistencies (for example, an update from ITRF2008 to ITRF2014), which are initiated by either SIO and/or JPL at different time, in principle. all other offsets should be present in both solutions. In most cases offsets are considered to apply to both horizontal and vertical components. The offsets constitute an identical set except when an offset is applied for one center as a result of a transition to a new ITRF definition and prior to a re-analysis of the entire data holdings by that center. Furthermore, the identified offsets from the Level 1A ESDRs are carried over to the Level 1C combination ESDRs (section 3), where additional offsets may become apparent through, by example, visual inspection of the affected time series.
The dates of the offsets are derived from the station log file changes (incorporated into the database) and earthquake catalogs (e.g., from the USGS). A pernicious problem are metadata changes that are not incorporated into the database in a timely fashion, that is, after the GAMIT and/or GIPSY analysis. In this case, additional offsets may be required. Infrequent and costly reruns of the entire data holdings, motivated by the change in the ITRF definition, will allow these offsets to be retroactively eliminated. 
[bookmark: _Toc38360739]2.6 Nomenclature
The Level 1A ESDRs are referred to as “raw daily station displacement” time series (Figure 4). There are three sets: (1) “JPL” raw time series; (2) “SIO” raw time series. There is also a “cleaned” version, which is part of the L1C combination process discussed in section 4. [image: ]
Figure 4. JPL (blue) and SIO (red) raw 3-D displacement time series for station DHLG near the Salton Sea showing the long-term trend due to tectonic motion, punctuated by two earthquakes – the 1999 Mw7.2 Hector Mine and 2010 Mw7.2 El Mayor-Cucapah earthquakes with coseismic and postseismic deformation. Gross outliers have been removed as the first part of the time series analysis.

3. [bookmark: _Toc38360740]Level 1B ESDRs: Troposphere Delay				
[bookmark: _Toc38360741]3.1 Estimation
As described in sections 2.1 and 2.2 (Level 1A) both JPL and SIO estimate troposphere parameters as part of the GIPSY/OASIS and GAMIT analysis, respectively. The total tropospheric delay (TD) observed by GPS is the integrated refractivity of the atmosphere, N, over the signal ray path 
[image: ]				(5)
where P is the atmospheric pressure, T is temperature, e is water vapor partial pressure, and the k’s are empirically determined physical constants in an expression for N (Bevis et al., 1994). Therefore, the estimated tropospheric signal delay provides information about the unknown moisture above the station. The tropospheric delay observed for a given satellite at angle θ from vertical is modeled as Davis et al. (1994),

[image: ]					(6)
where ZHD is the zenith hydrostatic delay, ZWD is the zenith wet delay, and mh and mw are mapping functions that describe the variation of ZHD and ZWD with varying elevation angle. Both JPL and SIO currently utilize the gridded Vienna Mapping Function [VMF1GRID – (Boehm et al. 2006); http://ggosatm.hg.tuwien.ac.at/delay.html) for a priori hydrostatic and wet troposphere delay components values and to model zenith delay variance. Use of final GPS orbits (at 7- to10-day latency) ensures the highest fidelity troposphere series for retrospective studies (Moore et al., 2016; Wang et al., 2019). Troposphere delays are estimated at 5-minute resolution by JPL and hourly by SIO. These solutions are available from ftp://garner.ucsd.edu/solutions/gipsy/trop/. The SOPAC solutions are in ftp://garner.ucsd.edu/pub/troposphere but have not been updated since 2011. The data beyond 2011 need to be extracted from the GAMIT output. Currently, there is no combination solution for the troposphere ESDRs.	Comment by Yehuda Bock: Anne/Peng: To do item	Comment by Yehuda Bock: This is caught up in the file in availability since change to IGS14.  I used to get them from ftp://garner.ucsd.edu/pub/solutions/global/ or regional/  (“ofiles” if I have the terminology right)
[bookmark: _Toc38360742]3.2 Nomenclature
The Level 1B ESDRs are referred to as “raw troposphere delay” time series. These ESDRs form the basis for the Level 2 ESDR, precipitable water time series (section 6.1).
[bookmark: _Toc38360743]3.3 Status
Prior solution through 2017 is available at SIO & CDDIS. Reprocessed solution available Sept 2020, then weekly update.

4. [bookmark: _2s8eyo1][bookmark: _Toc38360744]Level 1C ESDRs Combined Displacement Time Series
[bookmark: _8c2819nstmnt]Definition: Daily displacement time series of continuous GNSS stations based on the combined solutions from the JPL and SIO analysis centers.


[bookmark: _Toc38360745]4.1 Combined Time Series[image: ]Figure 5. Schematic of the combination process and time series analysis.

The primary ESDR for the project and the basis for further ESDRs is an optimal combination of the JPL STACOV files and the SIO h-files into a single set of daily displacements that are intended to be more precise than the individual and independent JPL and SIO solutions described in section 2.  Although each group uses different GNSS software and processing strategies, they both use the same metadata from the SOPAC database and the same set of a priori station positions. 
The combination is performed with the publicly available software package “st_filter” (for spatial-temporal filter, formerly known as QOCA (https://qoca.jpl.nasa.gov/tutor_base.html) (Dong et al. 1998) using the full set of STACOV and h-files collected to date (from as early as 1992) as input, followed by the time series analysis using analyz_tseri (Figure 5) as described in section 5. The st_filter program applies a Kalman filter algorithm for the combination procedure (https://qoca.jpl.nasa.gov/advclass/tsa_intro.html). The time required per solution day is dependent on the amount of data in the solution.  Days in the early part of the combination can take less than a minute but more recent days take approximately two hours of processing time, due to the array sizes needed for the amount of data available.  As we add more sites and reprocess older years with additional data, the time per solution day is expected to rise. The combination process is carried out by solution day, independent of other days, enabling more efficient parallel processing. A complete description of the procedure can be found in appendix A1.
[bookmark: _Toc38360746]4.2 Reference frame alignment
The combination inputs daily loosely-constrained JPL STACOV files with the sub-network SIO h-files using the associated SOPAC orbits, polar motion, and UT1-UTC as a reference (section 2.2). The polar motion and UT1-UTC parameters are consistent with IERS Bulletin A, and the orbits are consistent with the SIO global analysis for the IGS.  Although the solutions are self-consistent through identical metadata and a priori coordinate values, they are not aligned to any official reference frame, such as ITRF2014.  The JPL daily solutions are combined with the daily SOPAC sub-network solutions by aligning the station coordinates from the two solutions in a least squares sense.  At the end of this procedure the JPL solutions are aligned to the SOPAC self-consistent reference system.
In order to align the (now combined) solutions to the ITRF reference frame (as realized by the IGS, e.g., IGS14), 7 transformation parameters (3 rotations, 3 translations and 1 scale factor) are estimated based on the coordinates (Xr) of a number of IGS reference core sites included in the GAMIT solution as follows:
						(7) 
						(8)
Where T is a (3n x 7) matrix,  is the vector of the estimated 7 transformation parameters, W is a weighting matrix, and n is the number of selected IGS core (reference) stations. To reduce the seasonal instability of the reference frame, annual and semi-annual variations are added to the IGS core station coordinates .  In addition, the quality of the selected station solutions is checked. If one component of a selected reference station is poor (deviation is larger than 4σ of the average scatter), this station will be removed from the 7-parameter estimation (though it will still be used in the final combination solution).  Relative weights are assigned to each station during the adjustment iteration process based on their residuals from the previous iteration. 
When the final estimates of  are obtained, the 7-parameter transformation is applied to all stations, as follows:
 								(9)
 								(10)
Where Kc, the constraint Kalman gain matrix, is given by
 								(11)
x and C are the combined solutions and their covariance matrix before the reference frame alignment, and and  are the combined solutions and their covariance matrix, respectively, after the reference frame alignment. At this stage, the combined solutions are aligned to the IGS realization of the ITRF (currently IGS14).   
[bookmark: _Toc38360747]4.3 Relative weighting
Determining the proper relative weighting between the independent JPL and the SOPAC solutions is an important step in generating a reasonable and self-consistent combination solution.  The need for relative weighting may be due to several factors including the use of different software packages and processing methods, for example, different criteria for data handling and cleaning (sections 2.1 and 2.2).  We have empirically determined a relative weighting factor of 2.4 for the JPL quasi observation solutions.  Although the covariance values from JPL STACOV solutions are increased when forming the loosely constrained, full covariance matrix, the formal uncertainties of their solutions could still be underestimated compared to the SIO h-file solutions.  It appears that this scaling factor does not vary significantly over time. No consideration is given to any statistical differences between the SOPAC sub-network solutions and they are equally weighted. 
[bookmark: _Toc38360748]4.4 Nomenclature
The L1C ESDR combination solutions are referred to as the “raw combination time series.” [image: ]
Figure 6. Examples of daily displacement time series exhibiting tectonic and non-tectonic phenomena. A) Long Valley Caldera in three equi-angle directions; B) Central Valley; C) Southern California (the 2010 Mw7.2 El Mayor-Cucapah earthquake is denoted by the dashed blue vertical line). The Long Valley Caldera components have been detrended by the long-term velocity; other time series are shown trended. Source: (Klein et al. 2019).



[image: ]
Figure 6. Examples of daily displacement time series exhibiting tectonic and non-tectonic phenomena. A) Long Valley Caldera in three equi-angle directions; B) Central Valley; C) Southern California (the 2010 Mw7.2 El Mayor-Cucapah earthquake is denoted by the dashed blue vertical line). The Long Valley Caldera components have been detrended by the long-term velocity; other time series are shown trended. Source: (Klein et al. 2019).

5. [bookmark: _Toc38360749]Time Series Analysis
[bookmark: _Toc38360750]5.1 Modeling
The position estimates (X, Y, Z) are output from the GIPSY-OASIS analysis through the STACOV files (section 2.2) and GAMIT/GLOBK h-files (section 2.3) from which the Level 1A JPL and SIO raw displacement time series are derived (section 2). In addition, the STACOV and h-files are combined into a third Level 1A ESDR using JPL’s st_filter software. In each case, the 3x3 block diagonal elements of the respective covariance matrices in the STACOV files and h-files are retained for each station’s east, north, and vertical components after transformation from global (X, Y, Z) coordinates (equation 1). We then perform a parametric  time series analysis using JPL’s analyz_tseri (ATS) software (https://qoca.jpl.nasa.gov/advclass/tsa_intro.html)  for each of the three L1A ESDRs (JPL, SIO and combination).  
An individual component time series (N, E, or U) at discrete epochs ti is modeled as
 
 
 					(12)
where H denotes the discrete Heaviside function,
 							
The coefficient a is the value at the initial epoch and denotes the time elapsed from  in units of years. The linear rate (slope) b represents the interseismic secular tectonic motion, typically expressed in mm/yr. The coefficients c, d, e, and f denote unmodeled annual and semi-annual variations present in GPS position time series. Annual and semiannual terms are estimated when enough data (12 months for velocity and seasonal terms) have been collected. Amplitude and phase of annual and semiannual signals are expressed according to the sine convention A*sin(ω(t-tY)+φ), where tY is January 1. The magnitudes g of  offsets (jumps, steps, discontinuities) are due to coseismic deformation and/or non-coseismic changes at epochs  (section 2.5). Possible  changes in velocity are denoted by new velocity values h at epochs . Coefficientsare for  postseismic deformation starting at epochs  and decaying exponentially with a time constant . The “logarithmic” model is another parameterization associated with afterslip on the fault surface; the exponential model is associated with motion below the crust (mantle) (Wang et al. 2012a). The logarithmic model is expressed as 
 					(13)
and was applied, for example, to 2004 Mw6.0 Parkfield, California earthquake (Freed 2007).
The event times T (g, h, k) can be determined from earthquake catalogs, site logs, automatic detection algorithms, or by visual inspection. The postseismic decay times  are typically estimated separately by maximum likelihood methods, so that estimation of the remaining time series coefficients can be expressed as a linear inverse problem.
;  					(14)
where A is the design matrix and  is the parameter vector,
.							(15)
E denotes statistical expectation, D denotes statistical dispersion,  is the covariance matrix of observation errors, P= is the weight matrix, and  is an a priori variance factor. Without significant loss of precision, we perform a parametric time series analysis for each of the three solutions (JPL, SIO and combination).  These are performed by station and by each the three coordinate components. This is justified since the correlations between them are small, as well as the correlations between stations (Zhang 1996).  
Other parameters can be estimated in the ATS adjustment but have not been generally applied. For example, a local polynomial is available to model local environmental changes due to groundwater extraction in California’s Central Valley or magmatic activity abnormal geophysical activity such as magmatic swelling of the Long Valley Caldera (Figure 6)
The output from the adjustment are the modeled daily displacement series, the model parameters and their uncertainties. An examination of the postfit residuals   are important to identify deviations from the parametric model, including any physical transients, and mismodeling. 
A tutorial for the ATS process can be found at https://qoca.jpl.nasa.gov/advclass/tsa_intro.html). 
[bookmark: _Toc38360751]5.2 Regionally Filtered Time Series
Residuals from the estimation of the combined and individual time series are calculated and used as input for the regional filtering analysis described next.  These solutions are known as “Cleaned” or “Unfiltered” and are available from ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ats/WesternNorthAmerica/ and ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/. “Cleaned” refers to the fact that these have been corrected for gross outliers.
Examination of the post-fit residuals  from the least squares adjustment often reveals common signatures within a geographical region (e.g. Western U.S.), indicating a larger-scale source. Spatio-temporal filtering of the residuals can be used to estimate and remove the “common-mode” allowing for improved discernment of tectonic signals. An early study suggested a simple stacking procedure (Wdowinski et al. 1997), a simple form of principal component analysis (PCA) (Dong et al. 2006).
Principal Component Analysis (PCA) is used to perform spatio-temporal regional filtering to remove a common mode error (CME) as described in Dong et al. (2006). Currently, PCA is only performed on the western North America stations. We are also considering a focused filter on other regional sub-networks. The PCA analysis generates both the major principal component time series, as well as the spatial responses of each station for the major principal components.  The advantage of the PCA method compared to the traditional removal of the CME calculated using a stacking method (Wdowinski et al. 1997) is the elimination of the implicit assumption of uniform CME across the network. Furthermore, PCA identifies the modes of 3D motion common to all sites and allows for spatial weighting of the CME.  After the CME estimates are subtracted, the same time series estimation described in the previous section is repeated. 
It is important to note that the effect of PCA is to reduce the noise (rms) of the displacement time series so that signals of interest are more recognizable. Since the CME estimates are applied to all regional stations (currently the western North America stations). It does not eliminate the signals of interest, e.g., postseismic deformation. In addition, a subset of stations may be excluded from the PCA analysis because of the presence of unmodeled effects (e.g., magmatic motion at Long Valley caldera). However, the common modes can be eliminated for those stations, as well.
The PCA process is as follows (Dong et al. 2006). The post-fit residuals are stored column-wise in a matrix X according to the displacement components in north, east and up directions for epoch m (m=1, M) and station n (n=1, N) assuming m>n (this is always the case in geodetic analysis). The “covariance” matrix is defined by 
, 								(16)
which is decomposed by
. 									(17)
B is a full rank matrix of dimension N, V is the eigenvector matrix and  has k non-zero eigenvalues along its diagonal (). Then, using V as an orthonormal basis at epoch i
 						(18)
 						(19)
The eigenvalue  is the kth principal component representing the temporal variations and  is the corresponding eigenvector representing the spatial responses to the principal components. The largest principal component corresponds to the primary contributor to the variance of the network-wide residual time series, while the smallest principal component has the least contribution.
The result of the PCA is the “filtered” time series. There is a set for SIO, JPL and combination solutions.
[bookmark: _Toc38360752]5.3 Quality control
[bookmark: _Toc38360753]5.3.1 Overview
Quality control is an essential component of the project and is carried out at all levels of the project to avoid biases in the hierarchy of ESDRs. Multiple procedures and metrics include:
(1) Accuracy and timeliness of metadata, in particular changes in antenna model and height. Metadata are gathered through collection of station log files and ingested into the database. Late and/or inaccurate metadata will propagate into the ESDRs and introduce spurious offsets into the displacement time series, as well as loss of precision. It will necessitate re-analysis of the GPS data. The offsets can be removed after a re-analysis of the entire data set, usually conducted after a change in the global reference frame.
(2) Completeness and timeliness of station RINEX data. RINEX data that do not arrive on time cause gaps in the time series and disruptions in production of ESDRs. However, missing data can be back-filled prior to a re-analysis of the entire data holdings.
(3) Detection of outliers through the st_filter and ATS procedures. There are a number of outlier criteria that can be set, by station (section 5.3).
(4) The GAMIT and GIPSY analyses are seeded with a-priori station coordinates derived from the latest weekly ATS processes (preferably the combination solution – ESDR L1C). Gross errors in the a priori coordinates can adversely affect the analyses and result in gaps in the time series. The a priori coordinates are entered by JPL and SIO through parallel processes that extract the information from the SOPAC database. JPL uses station XML files, while SOPAC uses a flat file generated from the SOPAC database. These need to checked periodically to ensure that they are indeed equivalent.
(5) Large adjustments from the a priori coordinates are flagged on a daily basis for review by the time series administrator. These can be due to geophysical signals (e.g., coseismic displacements), inaccurate metadata or problems in the GPS analyses.
(6) The latest estimated velocities (section 5) by JPL and SIO are regularly compared to identify, understand and repair any significant differences – we focus on discrepancies greater than 5 mm/yr (Figure 7). In addition, we identify annual amplitude terms (equation 12) that exceed a certain percentage (50% for the horizontal and 150% for the vertical).
(7) [bookmark: _44sinio][bookmark: _uzyn4q4vgznw]Differences in the rms of each displacement time series (JPL, SIO and combination) are good indicators of problems.[image: ]
Figure 7.  Estimates of the east (blue circles), north (red circles), and up (gold circles) velocity components are compared between JPL (plotted on the horizontal axis) and SIO (plotted on the vertical axis).  If the JPL and SIO estimates were identical, then all the circles would plot along a 45° line. We conclude that the JPL and SIO estimates are close for nearly all GPS sites. There are 1690 GPS sites on the plot, all with at least 10 years of data.

(8) Often, interactive examination of the displacement time series is required to identify and flag problematic time series related to the seven items above. This is performed by the time series administrator through the GPS Explorer interface. This requires administrator privileges.
[bookmark: _Toc38360754]5.3.2 Offset corrections
The daily estimated station positions could contain various jumps from their nominal values due to either geophysical sources (earthquake rupture) or non-geophysical errors (antenna height metadata error, phase center modeling error, or other man-made and software-dependent errors). Since the focus of the project are data products for studying geophysical processes, the approach taken here is to remove only those jumps caused by non-geophysical sources.  All known geophysical and non-geophysical offsets are documented.
SOPAC’s pre-adjusted coseismic jump values are used for both the JPL and the SOPAC geophysical offset correction.  At the end of the combination, the same coseismic jump values are added back to the combination solutions.  At this stage, however, the coseismic jump correction is only an intermediate procedure to make the raw data (including both coseismic rupture affected stations and un-affected stations) self-consistent.  Only rough estimates of the coseismic jumps are needed at this stage.  The final combination solutions still contain the co-seismic jump information.  The non-geophysical offset values, on the other hand, are permanently corrected. 
[bookmark: _Toc38360755]5.3.3 st_filter combination
The st_filter combination (section 4) process provides several metrics that are checked before a daily solution is added to the displacement time series Level L1C products. These metrics are:
1. Number of sites declared outliers and removed from the final combination
2. Chi-squared and rms of combination process
3. Adjustment values and covariances.
If any of these values exceed their expected maximum value, the combination result is evaluated and resubmitted once the problem has been resolved.  The expected maximum values for these metrics are periodically re-evaluated, based on the average values for good-quality combined solutions.  For the adjustment value for each site, if it is larger than 3 times the formal uncertainty (3σ), it is marked as anomalous, but not removed. The first two quality control metrics are saved and made available to users of the time series product. The third metric is used for checking the quality of the daily combination but are not stored. 
The input to the st_filter consists of loosely constrained solutions (STACOV and h-files) that serve as quasi (raw) observations for the combination. These quasi observations could depart from the a priori nominal values by ~1 m or more.  Therefore, only very large outliers can be detected by direct comparison between the raw station coordinate solutions and a priori nominal values. A four-step outlier detection approach is employed. 
(1) Check the corresponding estimation error(s) for each quasi observation.  Both the SOPAC and the JPL loosely constrained solutions have typically ~1 m formal uncertainty.  If some stations have no data or have very few observations, their corresponding sigma values could be at the ~100m level.  Thus, stations with formal sigma larger than 50 m are removed first.  
(2) Check the radial residuals (the quasi observation radial less the a-priori radial) of each quasi observation.  Since the GPS satellite orbits are sensitive to the geocenter, the loosely constrained solutions can have large rotational offsets but limited translational offsets, so that the radial quasi observation component residuals are relatively small.  Each radial residual is calculated relative to its averaged value and the average scatter.  If one radial residual is larger than 6σ, this quasi observation is identified as an outlier and is removed.  The procedure is iterated until no new outliers are detected.  
(3) Check the differences (residuals) between the de-rotated and de-translated coordinates and their a-priori nominal values If the residuals at a station exceed a user defined residual criteria (typical values are 0.35, 0.30 and 0.50 m for the east, the north and the vertical components, respectively), the station’s raw observation is tagged as an outlier and removed.
(4) Check for weak observations after rotation and translation. If the sigma of a station component exceeds a pre-defined value this raw observation (including all 3 components) is considered weak and is removed from the raw observations. 
Additional criteria are applied to detect and remove outliers in the analyze_tseri step (Table 2). Individual criteria can be specified for each station if needed:
weak_obs (big sigma) criteria (mm): based on the formal errors.
If at one epoch the formal sigma values of one site are bigger than the specified criteria, the solution of this site at this epoch will be ignored. The order is e, n, up. 
outlier (big o-c) criteria (mm): based on the postfit residuals. 
If at one epoch the residuals of one site are bigger than the specified criteria, the solution of this site at this epoch will be ignored. This command prevents outliers from contaminating the time series analysis results. The order is e, n, up.
very bad_obs criteria (mm): based on gross outlier threshold.
If the data have gross outliers the initial adjustments will be biased. They are removed before the adjustment. The order is e, n, up.
Note: All time series ESDRs have all outliers removed (from st_filter and ATS processes)
Table 2. Default criteria from the analyze_tseri driver file
	Criteria
	East(mm)
	North(mm)
	Up(mm)

	weak_obs (big sigma)
	40.
	40.
	80.

	outlier (big o-c)
	25.
	25.
	35.

	very bad_obs
	1000.
	1000.
	3000.


[bookmark: _Toc38360756]5.3.4 PCA filtering
A Principal Component Analysis (PCA) filter is applied to the cleaned time series. The PCA driver file settings are as follows and include additional outlier criteria.
network range (longitude, latitude, decimal degrees):    200.0 260.1 31.0 80.5
outlier_sigma criteria (enu, mm):  50.0 50.0 100.0
outlier_value criteria (enu, mm):  100.0 100.0 300.0
minimum data percentage (cut_p):    10.0
minimum station percentage (cut_t):  3.0
reference frame: WGS84
reference coordinate, rtime: geodetic 2014.000
[bookmark: _Toc38360757]6. Level I ESDR Products
[bookmark: _Toc38360758]6.1 Description
The Level 1 daily displacement time series (L1A and L1C) are extended weekly and a set of new tar files are created. The tar files are stored at two archives.
SOPAC: http://garner.ucsd.edu/pub/timeseries/measures/ats/WesternNorthAmerica/ 
CDDIS: ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/
The daily displacement time series (XYZ and NEU) available for Western North America (WNAM) and global (GLB) stations are identified as follows:
· Raw: Original time series with outliers removed (section 5.3)
· Raw_JumpsCorrected: Original time series with outliers removed, corrected for non-coseismic jumps (coseismic offsets remain)
· Cleaned Trended ("Clean_Trend"): Mean, outliers removed, corrected for non-coseismic jumps (coseismic offsets remain)
· Cleaned Detrended ("Clean_Detrend"): Mean, trend, outliers, coseismic offsets, and non-seismic jumps are removed 
· Filtered (“Filter”): Output of regional Principal Component Analysis (PCA) filter applied to Clean Trend time series (only for WNAM)
· Residuals ("Resid"): Differences between the observed and (parametrically) modeled time series for cleaned and filtered time series
The cleaned combined time series are the result of the st-filter, ATS and PCA steps using GAMIT h-files and GIPSY STACOV files as input (sections 4&5, Figure 2). The individual SOPAC and JPL time series, produced through GNSS analysis described in section 2, do not go through the st-filter step. In the case of the SOPAC time series, the displacements and their 3x3 covariance matrices are extracted from GLOBK output files and passed through ATS. In the case of the JPL time series, the displacements and their 3x3 covariances matrices are extracted from the tightly-constrained STACOV files. 
The time series can be viewed on MGViz (section 12). 
Note: All time series have outliers and jumps (non-coseismic offsets) removed. File headers contain estimated time series model parameters.
We also create time series with the jumps retained at the request of the Crustal Motion Model (CMM) (http://scecinfo.usc.edu/resources/data/index.html) developed under the aegis of the Southern California Earthquake Center (SCEC). 
For Global time series substitute "Global" for "WNAM"
yyyymmddd indicates the date that the tar file was created

[bookmark: _Toc38360759]6.2 Combination Time Series

· Cleaned Combination (available for all stations processed)
· WNAM_Clean_TrendNeuTimeSeries_comb_yyyymmddd.tar
· WNAM_Clean_DetrendNeuTimeSeries_comb_yyyymmddd.tar	
· WNAM_Clean_ResidNeuTimeSeries_comb_yyyymmddd.tar
Substitute “GLB” for “WNAM” for global products
· Filtered Combination (only for WNAM stations)
· WNAM_Filter_TrendNeuTimeSeries_comb_yyyymmddd.tar
· WNAM_Filter_DetrendNeuTimeSeries_comb_yyyymmddd.tar
· WNAM_Filter_ResidNeuTimeSeries_comb_yyyymmdddd.tar
[bookmark: _Toc38360760]6.3 Individual JPL Time Series
· Cleaned JPL (available for all stations processed)
· WNAM_Clean_TrendNeuTimeSeries_jpl_yyyymmddd.tar
· WNAM_Clean_DetrendNeuTimeSeries_jpl_yyyymmddd.tar	
· WNAM_Clean_ResidNeuTimeSeries_jpl_yyyymmddd.tar
Substitute “GLB” for “WNAM” for global products
· Filtered JPL (available for processed Western North America stations)
· WNAM_Filter_TrendNeuTimeSeries_jpl_yyyymmddd.tar
· WNAM_Filter_DetrendNeuTimeSeries_jpl_yyyymmddd.tar
· WNAM_Filter_ResidNeuTimeSeries_jpl_yyyymmdddd.tar
[bookmark: _Toc38360761]6.4 Individual SOPAC (GAMIT) Time Series
· Cleaned SOPAC (available for all stations processed)
· [bookmark: _Hlk15552848]WNAM_Clean_TrendNeuTimeSeries_sopac_yyyymmddd.tar
· WNAM_Clean_DetrendNeuTimeSeries_sopac_yyyymmddd.tar	
· WNAM_Clean_ResidNeuTimeSeries_sopac_yyyymmddd.tar
Substitute “GLB” for “WNAM” for global products
· [bookmark: _Hlk15552786]Filtered SOPAC (available for processed Western North America stations)
· WNAM_Filter_TrendNeuTimeSeries_sopac_yyyymmddd.tar
· WNAM_Filter_DetrendNeuTimeSeries_sopac_yyyymmddd.tar
· WNAM_Filter_ResidNeuTimeSeries_sopac_yyyymmdddd.tar
[bookmark: _Toc38360762]6.5 Raw Time Series
[bookmark: _Hlk15552799]Combined
· WNAM_Raw_TrendXYZTimeSeries_comb_yyyymmddd.tar
· WNAM_Raw_JumpsCorrected_TrendXYZTimeSeries_comb_yyyymmddd.tar
· WNAM_Raw_TrendNeuTimeSeries_comb_yyyymmddd.tar
SOPAC
· WNAM_Raw_TrendXYZTimeSeries_sopac_yyyymmddd.tar
· WNAM_Raw_JumpsCorrected_TrendXYZTimeSeries_sopac_yyyymmddd.tar
· WNAM_Raw_TrendNeuTimeSeries_sopac_yyyymmddd.tar
JPL
· WNAM_Raw_TrendXYZTimeSeries_jpl_yyyymmddd.tar
· WNAM_Raw_JumpsCorrectedTrendXYZTimeSeries_jpl_yyyymmddd.tar
· WNAM_Raw_TrendNeuTimeSeries_jpl_yyyymmddd.tar
This information can also be found at http://garner.ucsd.edu/pub/timeseries/measures/ats/ATS_TarFile_README.txt 
[bookmark: _u0ga1am7ighv][bookmark: _9z6f6vx3six7]

[bookmark: _Toc38360763]7. Level 2 ESDRs – Station Velocity Maps 
[bookmark: _Toc38360764]7.1 Description
Definition: Weekly updated horizontal and vertical velocity maps


The 3-D geodetic velocity estimates at each station are a direct product of the time series analysis (section 5) (Figure 8). The geodetic velocity is defined as the slope of the entire up-to-date displacement time series (equation 12 – parameter b) where all offsets (geophysical and non-geophysical) and seasonal and postseismic effects have also been simultaneously modeled.  A new velocity is produced weekly for each of the solution types, the combined, JPL and SIO time series, both unfiltered and filtered. Since the time series analysis is separately performed for each coordinate, the resulting error ellipse for the horizontal velocities is constructed from the uncertainties of each component, that is, the covariances are assumed to be zero. The uncertainty in the vertical slope is just a single number. The velocity uncertainties are scaled by the post-fit scatter of each time series according to Williams (2003)
.								(20)
where n is the number of time series data points equally spaced in time, T is the total time span and is the colored noise coefficient. 
Stations that have transient deformation may not be adequately modeled by a single velocity (Figure 6). There is a provision for assigning multiple velocities but we no longer use this option since it is quite subjective. We prefer to let the user examine the postfit residuals to study these transients.
The velocities are estimated in the ITRF (currently ITRF2014) rather than a regional frame such as the Stable North America Reference Frame (SNARF) (https://www.unavco.org/projects/past-projects/snarf/snarf.html) or a plate-fixed frame (e.g., Pacific plate).  The velocities can then be transformed from ITRF to any other reference frame with the appropriate transformation parameters (e.g., plate parameters, Helmert parameters). We also provide the option to transform the velocities to a plate-fixed frame, currently limited to North America and the Pacific since Western North America has been the focus of the project. With ESESES, we will review this approach. 	Comment by Yehuda Bock: To do item. This needs to be resurrected. - Don
[bookmark: _Toc38360765]7.2 Velocity Map Products
The velocity values are available via web service at http://geoapp02.ucsd.edu:8080/gpseDB/vel?op=getNEUFile&site_list=all&coord=comb_ats 

[image: ]


Modify format to be mm/yr and add header
Format example, values are mm/yr:
Code end_date           North   East    Up      SigN   SigE   SigU   start_date         reference
sio5 2019-10-12T00:00:00 0.0185 -0.0391 -0.0008 0.0001 0.0001 0.0001 2002-05-15T00:00:00 ITRF2014[image: ]
Figure 8: An example of ITRF2004 horizontal velocities estimated from the combined time series of JPL and SIO. Significant (M>6) earthquakes denoted by red circles. This is a screen shot from MGViz (section 12). 

Need a utility to transform ITRF to plate-fixed frame		

[bookmark: _Toc38360766]7.2 Precipitable Water Vapor Timeseries	
With a modest investment in computation following established algorithms (e.g., Bevis et al., 1994), the zenith total delays (ZTD) necessarily estimated during the displacement time series processing with temporal resolution up to 5 min become the basis for an ESDR consisting of precipitable water vapor (PWV) time series. The conversion to PWV requires the zenith wet delay (ZWD), obtained by subtracting from the ZTD an accurate zenith hydrostatic delay (ZHD) (Saastamoinen, 1973) as a function of surface pressure, latitude, and orthometric height. 1 hPa of pressure error implies uncertainty of 0.35mm in PWV (Nilsson and Elgered, 2008), an accuracy easily obtained by onsite barometers. PWV time series are useful or tracking extreme weather events such as monsoons (Figure 9) and atmospheric rivers that can lead to flash flooding (Moore et al., 2015; Wang et al., 2019). We produce PWV records in the SINEX_TRO2.0 Provisional format for stations with onsite meteorological measurements. The conversion from ZWD to PWV further requires a measure of mean atmospheric temperature, which can be estimated from surface temperature (Bevis, 1994) and is a lesser source of PWV error in comparison to pressure.  These PWV solutions are available at ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/trop/. [image: ]
Figure 9: GPS PWV measurements were used both operationally to track a North American Monsoon event and forecast flash flooding. Circles represent PW (cm) for radiosondes at San Diego, California (blue), and Yuma, Arizona (black). Solid traces show GPS PW measurements at San Diego, California (blue), Durmid, California (red), Glamis, California (black), and Yuma, Arizona (dotted black). Arrows indicate the times of passage of an upper low at the identified GPS-Met sites. Map locates GPS stations with squares at San Diego (blue), Durmid (red), Glamis (black), and Yuma (dotted black), and radiosondes with circles at San Diego (blue) and Yuma (black). PW in mm at the GPS stations is shown, according to the color scale, at 1700 PDT 19 Jul (0000 UTC 20 Jul).  Source: (Moore et al. 2015).




[bookmark: _Toc38360767]8. Level 2 ESDRs
8.1 Continuous High-Rate Position TimeseriesWe have de-scoped this ESDR by eliminating the continuous analysis of high-rate (1 Hz) GNSS data, which we feel and not useful enough to justify the considerable effort involved.  Instead, we estimate and archive continuous high-rate 1 Hz displacement waveforms (GNSS seismology) and 1 Hz displacement and 100 Hz velocity waveforms (GNSS seismogeodesy) (L1C) for historical earthquakes and new events as they occur (section 9.2). These data products are useful for developing early warning systems for natural hazards (earthquakes, tsunamis and volcanoes), and for crustal deformation modeling, in particular for early postseismic deformation and possible preseismic motions.		
8.1.1 Background
The first continuous GPS (cGPS) stations for monitoring crustal deformation were built in 1991 as part of the Permanent GPS Geodetic Array (PGGA) project, a collaboration of SIO and JPL in southern California (Bock et al., 1997). Today, there are about 950 cGPS stations, just in California. The cGPS stations in southern California began to be upgraded to real time (~1 second latency) and high rate (1 Hz) operations in the early 2000’s (today there are about 650 real-time high-rate stations, just in California). Real-time high-rate data from cGPS stations are useful for earthquake and tsunami warning systems (Goldberg and Bock, 2017) and to provide a reference for real-time kinematic (RTK) positioning.  SOPAC has been archiving and processing 1 Hz GPS data (collected in real time) since early 2017 for several hundred stations in the western U.S.
8.1.2 Description
Emulating our successful approach to combine independent solutions, high-rate GNSS data will be analyzed using precise point positioning methods at JPL (Zumberge et al., 1997; Bertiger et al., 2010) and SIO (Ge et al., 2008; Laurichesse et al., 2009; Geng et al., 2012) using a common source of metadata. SOPAC already archives high-rate GNSS data from the Western U.S. READI network (PBO, SOPAC, USGS, UC Berkeley, PANGA) (http://sopac-csrc.ucsd.edu/index.php/readi/), and the global IGS real-time network. The 1 Hz displacement and troposphere time series can then be averaged at any sub-daily interval to study a range of phenomena. The same technical approach as ESDR 1.5 will be taken for this ESDR (Figure 2). SIO plans to use the PRIDE PPP_AR software (http://pride.whu.edu.cn; ftp://igs.gnsswhu.cn/pub/whu/phasebias/) from Wuhan University, an upgrade to the PANDA software that SOPAC has been using. The list of stations to be analyzed is to be determined.



[bookmark: _Toc38360768]9. Level 3: Displacement, Strain and Strain Rate Fields	Comment by Yehuda Bock: This entire section needs to be upgraded including names of products	Comment by Yehuda Bock: To do item.
JPL is also comparing their strain analysis to SOPAC’s analysis
[bookmark: _Toc38360769]9.1 Background
Definition: Automated weekly update of displacement, strain and strain rate fields



The level 1 displacement time series ESDRs include estimates of steady-state secular velocities as well as non-secular transient motions, specifically, postseismic deformation. Other transients are present, for example, magmatic deformation at Long Valley Caldera (e.g., Liu et al., 2011), subsidence in California’s San Joaquin Valley (Argus et al., 2017), and episodic tremor and slip (ETS) (Rogers and Dragert, 2003) in Cascadia. These and other transients are not modeled as part of the time series analysis (section 5.1). The detection of transients is important in fault slip modeling and assessing seismic risk and is the basis of a Level 4 ESDR (section 10.1).[image: ]

Figure 10. Accumulated displacements and residuals in California and Nevada (2010-2018.6): A) Blue arrows denote observed values from the SOPAC analysis and red arrows the predicted displacements by Zeng and Shen (2017). B) Accumulated displacement residuals (observed-predicted). Source: (Klein et al., 2019).


[bookmark: _Toc38360770]9.2 Methodology: Horizontal Displacement Fields
The station displacements corrected for non-coseismic displacements (section 2.5) are interpolated on a weekly basis to generate an updated displacement field. Direct interpolation of the observed displacements is possible but not optimal in the near-field of active geologic faults, where the distribution of stations may be lacking. Another approach is to first remove the secular motions by predicting (forward modeling) the surface displacements from a fault slip model that takes into account fault geometry and slip rates. 
We use the secular horizontal fault slip model of Zeng and Shen (2017) for the western U.S. as a starting point to predict the surface displacements at the cGPS stations. The model is derived from survey-mode and continuous GPS data supplement by geologic slip rates. The residuals are taken as the ESESES-observed minus the predicted values. In Figure 10, we show the accumulated transient displacements from an arbitrary initial epoch 2010.0 to 2018.6 compared to the secular model, showing the effects of postseismic deformation, magmatism, as well as deviations from the secular model.  
The interpolation of the horizontal displacement residuals is accomplished using a remove/interpolate/restore approach as follows: 
(1) Construct a 1 km horizontal displacement grid at some time  after a reference epoch (for demonstration purposes we use  = 2010.00 – Figure 10) by multiplying Zeng and Shen (2017) surface velocity map by .
(2) Subtract the model displacements (calculated as velocity times  from the observed displacements in north and east directions). We assume here that the residuals will be smooth so they have spatial variations at length scales greater that the spacing of the cGPS sites (> 10 km). 
(3) Interpolate the east and north residuals (modeled minus predicted displacements) at a 1 km grid spacing using a 2-D elastic model to provide coupling between the two horizontal components (Haines & Holt, 1993; Haines et al. 2015; Sandwell & Wessel, 2016). This is accomplished using gpsgridder in the GMT software (https://www.soest.hawaii.edu/gmt/) where one quarter of the number of eigenfunctions are compared with the number of data points; the residual grid fits the displacement residuals to within their uncertainties. 
(4) Add the residual grid to the ZS2017 displacement model to achieve the final horizontal displacement grids, with 1 km spatial resolution.
Each week’s displacement field is stored in the SOPAC archive. Displacement fields from 4 epochs are shown in Figure 11. Moving between different epochs provides the basis of a kinematic datum (reference frame) (Klein et al., 2019). [image: ]
Figure 11. Horizontal residual displacement fields at four different epochs based on a 2010.0 reference epoch. Source: (Klein et al., 2019).


[bookmark: _Toc38360771]9.3 Horizontal Strain and Strain Rate Fields
The gridding methodology is applied to the weekly residual displacements (observed minus predicted) to construct strain and strain rate fields as a way to better identify transients. The strain rate tensor components are computed as follows:
	
	 
	(21)


The derivatives are calculated using the grdgradient function in GMT. From these velocity grids, we calculate the principal strain rates
	
	 ,
	(22)


the maximum shear strain rate
	
	 ,
	(23)


and the dilatation rate
	
	 .
	(24)


	
Figure 12 shows displacement residual maps (vectors) and interpolated displacement fields at epoch 2018.59 and maximum shear strain rate and dilatation rate residual fields. Figure 13 shows the maximum shear and dilatation rates due to postseismic slip for four strike slip earthquakes one week after each event compared to the week before the event: the 1999 Mw7.1 Hector Mine, 2004 Mw6.0 Parkfield, 2010 Mw7.1 El Mayor-Cucapah and 2014 Mw6.0 Napa Valley earthquakes. 


[image: Residuals2018.59_reform.png]
Figure 12. Residual maps and interpolated fields at epoch 2018.59. A) Velocity residual map (observed minus ZS2017-predicted); B) Maximum shear strain rate residual grids; C) Dilatation rate residual grids. Red vectors indicate extension, blue vectors indicate contraction. Areas of interest described are indicated by red dashed boxes including magnitudes. Values of strain rate are indicated for each area highlighted by a red contour. When important variations are observed, the mean and the maximum values (‘mean/max’) are given. For areas where strain rate is homogeneous, only the mean value is indicated. Source: Source: (Klein et al., 2019).



[bookmark: _Toc38360772]9.4 Vertical Displacements[image: ]
Figure 13. Strain rate maps (nanostrain/yr) one week after each of the four strike-slip earthquakes relative to the previous week. (Top) Maximum shear strain rate; (Bottom) dilatation rate, red is extension, blue contraction. Dots indicate locations of cGPS stations; stars the epicenter of each event. Source: (Klein et al.. 2019).
[image: FigureNewSept/UpDrough-msf_2018.64_2scales_yb.png]Figure 14. Accumulated vertical displacement field between 1999.5 and 2018.6, represented with 2 different color scales to show the full extent of subsidence (right panel) in the Central Valley. The lowercase letters (left panel) indicate areas of significant secular and transient vertical motion, Source (Klein et al. 2019).


For the vertical component, we spatially interpolate the vertical displacements without the use of an underlying model. In Figure 14 we show the accumulated vertical displacements between 1999.5 and 2018.6 in California and Nevada. The accumulated weekly vertical displacement maps are archived on a weekly basis.	Comment by Angelyn Moore: Provide access location	Comment by Yehuda Bock: To do item
[bookmark: _Toc38360773]9.4 Misfits
The misfits between the observed displacements and those interpolated from the displacement fields provide a measure of uncertainty at any location within the area of interest (here in California and Nevada) in the horizontal (Figure 15) and vertical (Figure 16) components. The misfit fields are also archived on a weekly basis.	Comment by Angelyn Moore: Provide access location	Comment by Yehuda Bock: To do item[image: FigureNewSept/MsfDGbM.png]
Figure 15. Horizontal misfit grids at three different epochs. Source: (Klein et al., 2019).





[image: FigureNewSept/misfitUp-10yrVS20yr_mask.png]Figure 16. Vertical misfit grids for two different time intervals. Source: (Klein et al., 2019).


[bookmark: _Toc38360774]9.5 Products
These products are derived from residual displacement grids comparing the weekly (according to GPS week) observed displacements and the predicted displacements from a secular fault slip model (e.g., Zeng and Shen. 2017) for an initial epoch t0. The predicted displacement is defined as the secular velocity times t-t0. The products below use t=2019.7920 as an example.
[bookmark: _Toc38360775]9.5.1 Horizontal displacements and displacement grids
[bookmark: _Toc38360776]disp_res_disloc_2019.7920CumulativeResidualDisplacementsAtEpoch.pdf
Cumulative weekly horizontal transient displacements. These figures show the cumulative horizontal displacement vectors epoch due to non-secular transient motions at t-t0. These displacements are then gridded by North and East components:
[bookmark: _Toc38360777]dn_res_disloc_2019.7920NorthCumulativeResidualDisplacementsAtEpoch.pdf
North cumulative residual displacement grids.
[bookmark: _Toc38360778]de_res_disloc_2019.7920EastCumulativeResidualDisplacementsAtEpoch.pdf
East cumulative residual displacement grids.
[bookmark: _Toc38360779]dn_totMask_2019.7920KinematicModelAtEpoch.pdf
Cumulative weekly displacement grids from epoch t0 in the North component. This grid shows the cumulative north displacements at weekly intervals relative to an initial epoch t0, a sum of the surface displacements predicted by the secular fault slip model and the residual (non-secular) displacements at t-t0. This product serves as a kinematic model for maintaining a geodetic reference frame (Figure 11).
[bookmark: _Toc38360780]de_totMask_2019.7920KinematicModelAtEpoch.pdf
Cumulative weekly displacement grids from epoch t0 in the East component. This grid shows the cumulative East displacements at weekly intervals relative to an initial epoch t0, a sum of the surface displacements predicted by the secular fault slip model the residual (non-secular) displacements at t-t0. This product serves as a kinematic model for maintaining a geodetic reference frame (Figure 11).
[bookmark: _Toc38360781]disp_res_tot_2019.7920ObservedMinusKinematicPredictionAtEpoch.pdf
Cumulative weekly observed displacements minus grid displacements. This figure compares the displacements at the GNSS stations, extracted from the CumulativeResidualDisplacementsAtEpoch grid, to the original observed displacements (section 9.5.*). These displacements are then gridded by North and East components:
[bookmark: _Toc38360782]dn_res_tot_2019ObservedMinusKinematicPredictionAtEpoch.pdf
Weekly observed displacements minus grid displacement grids in the North component.
[bookmark: _Toc38360783]de_res_tot_2019ObservedMinusKinematicPredictionAtEpoch.pdf
Weekly observed displacements minus grid displacement grids in the East component. 
[bookmark: _Toc38360784]uncnZ_2019.7920NorthMisfits.pdf
North component misfits. This grid shows the weekly (not cumulative) misfits in the North component. The weekly displacements at the location of the GNSS stations are extracted from the corresponding weekly displacement grids and compared to the displacement vectors from which the grid was created (Figure 15). 
[bookmark: _Toc38360785]unceZ_2019.7920EastMisfits.pdf
East component misfits. This grid shows the weekly (not cumulative) misfits in the East component. The weekly displacements at the location of the GNSS stations are extracted from the corresponding weekly displacement grids and compared to the displacement vectors from which the grid was created (Figure 15).
[bookmark: _Toc38360786]9.5.2 Vertical motions and grids
du_disp_2019.7920AtEpoch 
Cumulative vertical displacements at t-t0.
du_totMask_2019.7920KinematicModelAtEpoch.pdf 
Gridded cumulative vertical displacements at t-t0. This product serves as a vertical kinematic model for maintaining a geodetic reference frame (Figure 14).
uncnZ_2019.7920UpMisfits.pdf
Vertical misfit grids. Gridded weekly vertical differences between observed displacements and grid displacement values at the GNSS stations..stations. 
[bookmark: _Toc38360787]9.5.3 Strain rates

Gridded weekly maximum shear strain rate observations and model (Zeng & Shen 2017) 
Gridded weekly dilatation rate residuals between observations and model (Zeng & Shen 2017)

[bookmark: _Toc38360788]disp_res_disloc_2019.7920CumulativeResidualDisplacementsAtEpoch.pdf
Cumulative weekly horizontal transient displacements. This figure shows the horizontal displacement vectors due to non-secular transient motions at t-t0.
[bookmark: _Toc38360789]dn_res_disloc_2019.7920NorthCumulativeResidualDisplacementsAtEpoch.pdf
North cumulative residual displacement grids. These are weekly grids of the cumulative displacement vectors at t-t0 in the North component.
[bookmark: _Toc38360790]de_res_disloc_2019.7920EastCumulativeResidualDisplacementsAtEpoch.pdf
East cumulative residual displacement grids. These are weekly grids of the cumulative displacement vectors at t-t0 in the East component.
[bookmark: _Toc38360791]dn_totMask_2019.7920KinematicModelAtEpoch.pdf
Cumulative weekly displacement grids from epoch t0 in the North component. This grid shows the cumulative north displacements at weekly intervals relative to an initial epoch t0, a sum of the predicted surface displacements from the secular fault slip model (e.g., Zeng and Shen, 2017) and the transient displacements (Figure 11).  
[bookmark: _Toc38360792]de_totMask_2019.7920KinematicModelAtEpoch.pdf
Cumulative weekly displacement grids from epoch t0 in the East component. This grid shows the cumulative north displacements at weekly intervals relative to an initial epoch t0, a sum of the predicted surface displacements from the secular fault slip model (e.g., Zeng and Shen, 2017) and the transient displacements (Figure 11).  



[bookmark: _Toc38360793]9.2 High-Rate GNSS and Seismogeodetic Records for Historical Earthquakes 
[bookmark: _lm3789icxewa][bookmark: _le9nqdj90ge3][bookmark: _Toc38360794]9.2.1 Background
“GPS seismology” provides estimates of dynamic displacements at high rates (1-10Hz) during earthquake shaking, in addition to coseismic displacements. “Seismogeodesy,” the optimal combination of collocated high-rate GPS and seismic data, provides coseismic (static and dynamic) displacements and seismic velocities (Bock et al. 2011). Table 3 catalogues earthquakes that have been observed with GPS seismology and seismogeodesy through 2018. A review of these methodologies is provided by Bock and Melgar (2016) and Bock and Wdowinski (2019, in press), and references therein.
A comprehensive archive of GPS high-rate displacements of 29 earthquakes from 2003-2018 with moment magnitudes of Mw 6.0-9.0 is described by (Ruhl et al. 2018). GPS networks have captured large amplitude teleseismic waves (seismic signals greater than about a thousand kilometers from an earthquake’s location). However, at these distances dynamic GPS displacements are only accurate enough to discern large earthquakes (~M >7.5), while traditional seismic measurements at any location on Earth can resolve earthquakes as small as > M 5.3, a factor of 1000 better than geodesy. 
Table 3. Significant earthquakes measured with GPS seismology and seismogeodesy
	Earthquake
	Mw
	References

	2002 Denali fault, Alaska
(teleseismic – 4000 km from source)
	7.9
	(Larson et al. 2003; Kouba 2003; Bock et al. 2004)

	2003 San Simeon, California
	6.6
	(Ji et al. 2004)

	2003 Tokachi-oki, Japan1
	8.3
	(Miyazaki et al. 2004; Emore et al. 2007; Crowell et al. 2009; Crowell et al. 2012)

	2004 Parkfield, California
	6.0
	(Langbein et al. 2005; Barbot et al. 2009)

	2004 Sumatra-Andaman, Indonesia
(teleseismic – 14,000 km from source)
	9.3
	(Davis and Smalley 2009)

	2005 West Off Fukuoka Prefecture, Japan
	7.0
	(Kobayashi et al. 2006)

	2008 Wenchuan, China
	8.0
	(Yin et al. 2013)

	2010 Mentawai, Indonesia
	7.7
	(Melgar et al. 2015)

	2010 Maule, Chile1
	8.8 
	(Melgar et al. 2015) (Yue et al. 2014)

	2010 El Mayor-Cucapah, Mexico1
	7.2
	(Crowell et al. 2012)

	2011 Tohoku-oki, Japan1
	9.0
	(Crowell et al. 2012) (Melgar et al. 2013; Bletery et al. 2014) (Grapenthin and Freymueller 2011 - teleseismic)

	2012 Nicoya, Costa Rica
	7.5
	(Melgar et al. 2015) (Yin and Wdowinski 2014)

	2014 Napa, California1
	6.1
	(Melgar et al. 2015)

	2014 Aegean Sea, Greece
	6.5
	(Melgar et al. 2015)

	2014 Iquique, Chile
	8.2
	(Melgar et al. 2016)

	2015 Illapel, Chile1
	8.3
	(Melgar et al. 2016)

	2016 Kumamoto, Japan1
	7.0
	(Kawamoto et al. 2016)

	2016 Kaikoura, New Zealand
	7.8
	(Kaiser et al. 2017)

	2017 Chiapas, Mexico1
	8.2
	(Ye et al. 2017)

	2019 Ridgecrest, California earthquakes1
	6.2/7.1
	


1Sufficient GPS/accelerometer collocations available for seismogeodesy
GPS seismology and seismogeodesy are particularly advantageous in the near field (within 100’s of km) of large earthquakes, for local earthquake and tsunami warning and rapid response. Figure 17 denotes the advantages and disadvantages of seismic (broadband seismometers, strong-motion accelerometers) and geodetic (GPS/GNSS) instruments compared to the seismogeodetic combination. Broadband seismometers that measure ground velocities go off-scale (“clip”) when close to an earthquake’s epicenter, while GPS does not. Therefore, seismic stations are equipped with strong-motion instruments (accelerometers) that do not clip. Absolute station displacement is the most useful measurement for down-stream modeling of the earthquake source, but seismology requires single integration of observed broadband velocities or a double integration of accelerations. The accuracy of absolute displacements from broadband seismometers is poor because of its limits in dynamic range. Doubly-integrating accelerations to displacements is subject to various spurious breaks, termed “baseline” errors (not to be confused with GPS baselines), due to numerical errors in the integration procedure, mechanical hysteresis, and cross-axis sensitivity between the test mass/electromechanical system used to measure each component of motion. The main disadvantage is that accelerometers are incapable of discerning between rotational and translational motions, leading to unphysical drifts in the resulting displacements. Baseline corrections are usually taken into account by a high-pass filter, resulting in accurate recovery of the mid- to high-frequency portion of the displacement record.  However, in the process long-period information in particular the static offset is lost. The static offset (permanent motion) is critical for rapid estimation of earthquake magnitude and mechanism, an essential element for earthquake and tsunami early warning. Finally, unlike GPS, seismic instruments are subject to magnitude saturation, meaning that is not possible to distinguish between, say, a magnitude 8 and 9 earthquake (a factor of about 30 difference in energy release), since the scaling relationships between seismic wave arrivals and earthquake magnitude break down at the higher magnitudes.[image: ]
Figure 17. Displacements derived from GPS and seismic instruments: advantages and disadvantages. The seismogeodetic combination of GPS displacements, broadband velocities, and strong motion accelerations using a Kalman filter maintains the advantages of each data type and minimizes their disadvantages.

For earthquake early warning where timely near-source observations is critical, GPS is not sensitive enough to detect seismic P-waves, particularly in the vertical direction where the P-wave with mm-level amplitudes is most pronounced; the precision of real-time GPS instantaneous displacements is about 1 cm in the horizontal components and 5-10 cm in the vertical (Genrich and Bock 2006). The displacement precision observed with seismogeodesy during dynamic shaking is reduced by a factor of two in the vertical and by about 20% in the horizontal component, compared to GPS alone, though still dominated by long-period errors in the GPS observations due to multipath (Saunders et al. 2016). Since the dynamic range of GPS instruments has no upper limit, GPS and broadband seismic sensors cover together the entire possible range of dynamic and static surface displacement. A study comparing the displacements and seismic velocities obtained with observatory-grade accelerometers and inexpensive Microelectromechanical (MEMS) accelerometers demonstrated the same level of precision in seismic velocity at distances of tens of km for earthquakes as small as ~M4, where there is no permanent displacement (Saunders et al. 2016; Goldberg and Bock 2017). 
[bookmark: _Toc38360795]9.2.2 Description of ESDR
The preferred analysis for GPS seismology is the method of precise point positioning (PPP) (Zumberge et al., 1997; Kouba et al., 2001) since it is performed with respect to a global reference frame rather than relative positioning, which requires base stations that may be in zone of deformation of a large earthquake. As in our daily displacement Level 1C ESDRs, JPL and SIO use different PPP software. JPL uses the GipsyX software (https://gipsy-oasis.jpl.nasa.gov/index.php?page=software) and SIO uses a variation of the PANDA software (Geng et al., 2012), the PRIDE PPP_AR software (http://pride.whu.edu.cn; ftp://igs.gnsswhu.cn/pub/whu/phasebias/) from Wuhan University  (not the GAMIT software used for earlier ESDRs). 
(1) Using a common source of metadata from the SOPAC archive, the two groups will independently analyze the historical record of GPS/GNSS data collected during significant earthquakes and any new earthquakes during the project period to produce a time series of high-rate displacements. These data will be supplemented from data archived at other centers. Although the data were collected in real time, the PPP analysis will be performed in 24-hour batches and a solution will include 1 Hz displacement spanning a day (i.e., 86,400 samples). If data are available at a higher rate (PBO stores data collected at 10 Hz for large events within their zone of coverage), we will analyze the data at the higher rates (up to 864,000 samples per day). Of course, one can then average the high-rate solutions to any sub-daily interval to study other phenomena. We will include data from one full day before to three full day after each event, that is, if the earthquake occurs at mid-day on day x, then a full day of data will be collecting for x-3 and x+3. SOPAC maintains an archive of relevant high-rate data from stations in the Western U.S. to capture the early postseismic period.[image: ]
Figure 18. Demonstration of the utility of GNSS and seismogeodetic data for rapid earthquake and tsunami warning systems. 3-D seismogeodetic displacements and velocities estimated from 1 Hz GPS displacements at Japan’s GEONET station 0914 (black circles) and 100 Hz K-NET accelerometer MYG003, 155 km from the earthquake’s epicenter determined by the Japan Meteorological Agency. The Japanese earthquake early warning system, dependent on regional seismic station data, estimated an initial magnitude of Mw7.2, 30 seconds after earthquake onset time and Mw8.0 after 107 seconds, a classic example of magnitude saturation. Replay of the event with seismogeodetic data or GNSS data alone (black circles) indicates that a magnitude of Mw8.9-9.0 within 157 seconds. The seismogeodetic data also allows the P wave to be detected as a basis for earthquake early warning. Rapid and accurate magnitude estimation is key for issuing tsunami early warnings. Source: (Melgar et al. 2013).

(2) SIO will also process data from collocated seismic (accelerometer) and GNSS stations using the seismogeodetic approach (Bock et al., 2011; Saunders et al., 2016); Goldberg and Bock, 2017) (Figure 18) for historical events and new events occurring over the project period. High-rate displacements and seismic velocities will be estimated at the sampling rate of the seismic instruments (typically, 100 Hz).
(3) The high-rate GNSS and seismic displacements and the raw data will be archived at SOPAC and at the CDDIS DAAC for use by other investigators.
[bookmark: _xr49jkapmwdb][bookmark: _Toc38360796]
9.2.3 Status
We have collected and analyzed several GNSS and seismogeodetic data sets (Goldberg and Bock, 2017) and archived them at SOPAC (Table 1). We plan to make these data available to the CDDIS DAAC. We have also been involved in cataloging high-rate community GPS displacement time series (Ruhl et al., 2018). These will be updated as new events occur.


[bookmark: _Toc38360450][bookmark: _Toc38360708][bookmark: _Toc38360797]
10. [bookmark: _Toc38360798]Level 4: Plate Boundary Aseismic Transients	Comment by Yehuda Bock: Zhen, are we focusing just of ETS? If so, indicate that in the title.
What about creep and other events?


[bookmark: _Toc38360799]10.1 Plate Boundary Aseismic Transients 				
[bookmark: _5r83aektdve]Advances in observational techniques of geodesy and seismology have led to the discovery of a diverse spectrum of slow earthquakes such as slow slip events (SSEs), non-volcanic tremor, low frequency earthquakes and very low frequency earthquakes (Peng and Gomberg, 2010). These slow earthquakes have distinctive scaling relations (Ide et al., 2007) and rupture characteristics from conventional earthquakes. The discovery of slow slip events such as episodic tremor and slip (ETS) in Cascadia margin over the past decades has changed our understanding of tectonic hazards and the earthquake cycle (Dragert et al., 2001; Rogers and Dragert, 2003). Slow slip transients can change stress on the fault interface, trigger earthquake swarms or seismicity (e.g., Segall et al., 2006; Lohman and McGuire, 2007; Fu et al., 2015), and release accumulated elastic strain on the fault interface (e.g., Liu et al., 2015a; Dixon et al., 2014). They seem to occur throughout the interseismic period and have now been observed at a number of subduction zones. As slow slip transient may evolve into catastrophic megathrust earthquakes (Segall and Bradley, 2012), proper detection and characterization of slow slip events is thus crucial in our understanding of earthquake hazard. Combining with seismic tremor catalog, a high-quality transient catalog enables the investigation of the genesis and mechanism of slow earthquakes.  [image: ]
Figure 19. Automated transient detection in Cascadia using RSI approach. (a) Tectonic settings of Cascadia subduction zone. Red dots: nonvolcanic tremors. Dashed line: isodepth contour of plate interface. Triangles: CGPS sites. (b) top-bottom: East component of displacement for station ALBH in N. Cascadia (see (a)), smoothed RSI and transient event probability, respectively. Source: (Crowell et al., 2016).


The residual displacement time series (after taking out known model components) for the Level IC time series analysis (section 5) can be mined for transient motions that can vary both temporally and spatially. Figure 20. Model fit (red line) to the detrended position time series (black circles) at the Cascadia site ALBH. Top to bottom: East, North and Up components respectively. Source: (Crowell et al., 2016).


[bookmark: _Toc38360800]10.2 Methodology
For the Level 4 ESDR we will use a methodology developed for the financial sector, a financial momentum oscillator based on relative strength index (RSI) to detect when the residual time series deviate above the normal variance. Kurtosis minimization is then used to quantify the transient probabilities associated with any detected events (Figure 19). This approach has been applied by Crowell et al. (2016) to Level 1C residual time series to detect episodic tremor and slip events (RTS) in northern Cascadia. An advantage of this approach is that it can be performed on a station-by-station basis, which allows for the detection of outliers more readily than network approaches. Furthermore, it can be fully automated and thus is well suited for operational transient detection and classification.   
The RSI based algorithm provides initial estimates of the centroid time and duration of ETS events. To estimate the total displacement of the detected transients we model the residual displacement time series for inter-ETS linear rates, annual and semi-annual variations, and episodic slow slip (Figure 20) (Liu et al., 2015b). We use a hyperbolic function and employ a grid-search to estimate the optimal duration and centroid time. This parametric model ensures a robust estimate of transient displacement with uncertainties. Examination of the accumulated displacements for the ETS events in northern Cascadia margin shows considerable variability of surface deformation in spite of fairly regular recurrence, implying underlying slip complexity.                    
Once the surface transients are quantified in space and time, the next step is to model transient slip on the fault interface using the mature Network Inversion Filter (NIF) (Figure 21) (Segall and Matthews, 1997; McGuire & Segall, 2003; Liu et al., 2010, 2015a, b). The NIF and its variants have been successfully applied to model slip transients in diverse tectonic settings including Cascadia (e.g. Schmidt and Gao 2010; Bartlow et al. 2011), Japan (e.g. Miyazaki et al. 2006; Ozawa et al. 2007; Liu et al. 2010, 2015a), New Zealand (e.g., Bartlow et al., 2014), southcentral Alaska (Fu et al., 2015), Hawaii (e.g. Segall et al. 2006) and Costa Rica (Voss et al., 2018). This ESDR will, for the first time, combine automated transient detection and NIF to systematically analyze the state of the Cascadia margin and other subduction zones around the globe.Figure 21. (a) Total surface displacements for 2014 November ETS event along the Cascadia subduction zone; (b) Accumulated transient slip from slip inversion. Red dots: tremor from PNSN catalog.

To summarize, starting with the Level 1 combined displacement time series residuals (section 6), we will (1) identify the transients, their duration and centroid, (2) estimate the total surface displacements, (3) model the fault slip and (4) catalog the Level 4 results. We will continue to focus on Cascadia and expand to other tectonically active and transient rich regions as we include more GNSS sites in our network densification efforts.
We will seek community feedback through advisory committee and conference discussion for alternative formats accessible to the broader community. 


[bookmark: _Toc38360801]10.3 Products
[bookmark: _Toc38360802]10.3.1 Total transient displacements
The total displacements of each event will be provided as a text file with fixed format according to:
station_code (CCCC), station_name, start_date(YYYY_MMM_DD), end_date YYYY_MMM_DD), longitude (east, decimal degrees) latitude (decimal degrees), total north, east, up displacement components (mm) and uncertainties (mm). 
A new set of displacements will be made available whenever a transient event is detected and analyzed. Latency?
We have defined a fixed text file format for ETS and other transients as follows:
station_code (CCCC), station_name, start_date (YYYY_MMM_DD), end_date (YYYY_MMM_DD), longitude (east, decimal degrees) latitude (decimal degrees), total north, east, up displacement components (mm) and uncertainties (mm). 
Directory structure:
Zone, e.g., Cascadia
Event Start Date, e.g., ETS_YYYY_MM_DD
Graphics in pdf format:
Maps of displacements, e.g., Figure 21a:
Total displacements
Transient displacements
Displacement Grids
Total displacements
Transient displacements
Fault Slip Models, e.g., Figure 21b
Accumulated transient slip with Pacific Northwest Seismic Network (PNSN) tremor locations
Directory structure:
Zone, e.g., Cascadia
Event Start Date, e.g., ETS_YYYY_MM_DD
[bookmark: _Toc38360803]10.3.2 Graphics
All graphics in pdf format
Maps of displacements, e.g., Figure 21a:
Total displacements
Transient displacements
Displacement Grids
Total displacements
Transient displacements
Fault Slip Models, e.g., Figure 21b
Accumulated transient slip with Pacific Northwest Seismic Network (PNSN) tremor locations
[bookmark: _Toc38360804]10.3.3 Community References – transient detection and models	Comment by Yehuda Bock: Zhen

[bookmark: _Toc38360805]10.3.4 Status
We expect to post our initial transient product by June, 2020 for episodic tremor and slip (ETS) events in Cascadia by June 2020 (Figure 9) and a complete set of ETS events by September 2020. A new set of displacements will be made available whenever a transient event is detected and analyzed. 


11. [bookmark: _c1oxyuholl7x][bookmark: _Toc38360806]Level 4 ESDR: Change in Total Water Storage Time Series 
The capability to weigh mass change at Earth's surface with GPS is emerging as an excellent, effective technique to evaluate available water resources.  Many studies have established that solid Earth responds elastically to changes in mass surface load, particularly in the vertical (Blewitt et al. 2001; Davis et al. 2004; Bevis et al. 2005; Tregoning et al. 2009; Nahami et al. 2012, Ouellette et al. 2013; Chew et al. 2014; Wahr et al. 2015).  We and others have rigorously inferred changes in total water at Earth's surface as a function of location and time using elastic displacements of solid Earth (Argus et al.  2014, 2017; Borsa et al. 2014; Fu et al. 2015; Jin and Zhang 2016).
[bookmark: _Toc38360807]11.1 Background
[bookmark: _Toc38360808]11.1.1 Solid Earth's elastic response to a mass load  [image: ]
Figure 22.  (Green curve) Vertical motion in elastic response to unloading of a disk with a radius of 14 km and a water thickness of 1 m. This disk has the same area as a pixel at 36°N that we estimate water thickness for (1/4° latitude by 1/4° longitude). (Blue curve) Vertical motion in elastic response to unloading of a disk with a radius of 7 km and a water thickness of 4 m. This disk has the same area as 1 NLDAS pixel at 36°N (1/8° latitude by 1/8° longitude). The Green’s functions for PREM are used (Wang et al., 2012b). (Pink curve) Vertical motion that would be inferred by GRACE is approximated by a Gaussian distribution with a halfwidth of 200 km. “Gt” is gigatons (1012 kg).

We will follow the method of Argus et al. (2017) to infer change in water as a function of time and location.  Solid Earth’s elastic response to a point load is specified by u = m x GPS (θ), where u is vertical displacement of Earth's surface (in m) at an angular distance θ (in degrees)  from the point load, m is the mass of the point load (in kg), and GPS is the Green's function (in m/kg), which depends on θ.  We use the Green's functions for a gravitating, stratified PREM Earth (Wang et al. 2012b).  Solid Earth's response to a surface mass load is tight in space.  For a disk with a radius of 7 km, the vertical displacement at 20 km from the load center is half that at 10 km from the load center (Figure 22) (Wahr et al. 2015; Argus et al. 2014).  The spatial resolution of GPS's determination of mass change is therefore high and limited only by the spacing of GPS sites.  If a GPS array were to have a 10 km spacing, then GPS could determine mass change in individual watersheds and ice basins.  We numerically integrate the Green's function to obtain a modified (Green's) function specifying solid Earth's elastic response to a disk load with a specific radius.  We calculate many such modified (Green's) functions, varying the disk radius so that the disk area is equal to the area of a rectangular spherical cap bounded by specific latitude/longitude intervals.

[bookmark: _Toc38360809]11.1.2 Sustained changes in water in the ground during alternating periods of drought and heavy precipitation  
GPS is providing striking new constraints on hydrology.  Using GPS measurements of solid Earth's elastic displacement, Argus et al. (2017) quantify change in total water in three California mountains provinces (the Sierra Nevada, the Klamath mountains, and the Coast Ranges).  In the western U.S., snow falls and accumulates on the ground in the fall and winter, then melts in the spring and summer, leaving negligible snow in October.  Argus et al. (2017) thus quantify change in water in the ground by taking differences between successive Octobers.  Argus et al. (2017) find California's three mountain provinces to have lost 97 km3 of during the four years of harsh California drought from Oct 2011 to 2015, exceeding by a factor of five the 18 km3 of water lost in a composite hydrology model (Figure 23).  We find the three mountain provinces to have gained 51 km3 of water in the ground during two years of heavy precipitation from Oct 2015 to Oct 2017.	Comment by Yehuda Bock: What are –1.64 m (Z's), –1.23 m (Y's), –0.82 m (X's), and –0.41 m (A's)?[image: ]
Figure 23.  (Left) Vertical land displacement observed with GPS is inverted to infer (Right) change in total water during harsh drought from Oct 2011 to Oct 2015.  At left, the vertical displacement field is determined using only GPS sites recording solid Earth's elastic response to water change; GPS sites in Central Valley subsiding in porous response to groundwater loss are excluded.  At right, groundwater loss in Central Valley is assumed to be to 34 km3 in the inversion; groundwater loss at 1/4o pixels (small gray letters) are set equal to –1.64 m (Z's), –1.23 m (Y's), –0.82 m (X's), and –0.41 m (A's).  Because snow accumulation in California is insignificant in October, we infer all water change from Oct to Oct to be in the ground.  During the four years of drought, the Sierra Nevada mountains lost an average of 0.66 m of water in the ground, for a total loss of 45 km3.  The Sierra Nevada, Klamath mountains, and Coast Ranges loss an average of 0.51 m of water in the ground, for a total loss of 97 km3, far exceeding the 18 km3 of water lost in a composite hydrology model.  From Argus et al. (2017).

In summary, we are finding that in California's mountains more water in the ground is lost during drought and gained in heavy precipitation than in the hydrology models.  The sustained changes in water cannot result from snow because snow accumulation is negligible in October.  Either changes in soil moisture in the ground are far understated in the hydrology models or there are large changes in groundwater in river alluvium, pastures, and fractured crystalline basement that is not in the hydrology models. The ground must have a greater capacity to store water than previously believed.
[bookmark: _Toc38360810]11.2 Methodology
[bookmark: _wfl2jfghje0n]We will infer changes in total water storage at Earth's surface following a sequence of 10 carefully constructed and practiced steps following the techniques in Argus et al. (2017).
1. Carefully analyze all series of GNSS positions; identify all offsets due to antenna substitutions, earthquakes, and other phenomena; identify postseismic transients that are clearly associated in time and space with earthquakes; construct series of GNSS displacements of more than five years passing through January 2012 (by eliminating data after offsets occurring after Jan 2012 and data before offsets occurring before 2012.
2. Distinguish between GNSS sites primarily recording solid Earth's elastic response to mass changes; solid Earth's porous response to groundwater and oil changes; and solid Earth's response to magma changes in volcanoes.
3. Remove solid Earth's elastic response to changes in the atmosphere and non-tidal changes in the ocean.
4. Remove solid Earth's elastic response to known changes in surface water in artificial reservoirs and large lakes.
5. Remove interseismic strain accumulation produced by locking of the Cascadia subduction zone.  Remove displacements produced by slow slip events occurring along the Cascadia megathrust. 
6. Remove solid Earth's viscous response to unloading of the late Pleistocene ice sheets.
7. Transform Earth's reference frame into the frame minimizing differences between observations of vertical displacements and predictions from a postglacial rebound model.  The velocity of Earth's mass center (CM) estimates using SLR observations of satellite LAGEOS is somewhat uncertain; We maintain that this transformation into the solid Eartha's mass center (CE) results in more accurate estimates of vertical displacement (Argus 2007, 2012; Argus et al. 2014; Riddell et al. 2017).
8. Constrain total water change outside the western United States area for which water change is being estimated to be that inferred from GRACE.
9. Constrain groundwater change in California's Central Valley to an a priori hydrological model (Faunt et al. 2015; Xiao et al. 2017).
10. Invert for changes in total water storage (“water.gps”) as a function of position at 1/4° intervals of latitude and longitude each month from Jan 2006 to the Present.  Solid Earth's elastic response to a surface mass load is nearly known if the surface load is more than about 50 km across (Wahr et al. 2013; Argus et al. 2014b, 2017).  Apply Laplacian regularization to limit water changes between adjacent pixels.  Estimate uncertainty using linear propagation of errors on the basis of a realistic error budget.

11.3 Products
[bookmark: _Toc38360811]11.3 Products
Data files and grids (temporary location): ftp://garner.ucsd.edu/pub/projects/eseses.2019/
Changes in components of water storage are archived in seven text files and corresponding grids in pdf format. The first two columns in each file are latitude and longitude. The third column is the value of the product and the fourth column is uncertainty (units of mm). ReadMe file.
(1) Change in total water storage inferred from GPS – “water.gps”
(2) Change in equivalent water thickness – “atmosphere”
(3) Change in snow water equivalent (SWE) – “snow”
Snow depth and snow water equivalent (SWE) data are available from NOAA’s National Weather Service's National Operational Hydrologic Remote Sensing Center (NOHRSC) SNOw Data Assimilation System (SNODAS). [https://nsidc.org/data/g02158]
(4) Change in soil moisture content (SMC) – “soil”
NLDAS_NOAH is a monthly climatology data set contains a series of land surface parameters, including Soil Moisture Content (SMC), simulated from the Noah land-surface model (LSM) for Phase 2 of the North American Land Data Assimilation System (NLDAS-2). https://disc.gsfc.nasa.gov/datasets/NLDAS_NOAH0125_MC_V002/summary  
(5) Change in artificial reservoir surface water – “reservoir”
These hydrological data are from the California Data Exchange Center (CDEC) Weather Gauging Stations, including automatic snow reporting gages for the Cooperative Snow Surveys Program and precipitation and river stage sensors for flood forecasting. https://www.calfish.org/ProgramsData/ReferenceLayersNaturalResources/(CDEC)WeatherGagingStations.aspx 
(6) Change in total mass – “mass”
Total mass = water.gps + reservoir + atmosphere
(7) Change in water in the ground not in hydrology models – “ground”
Inferred to be water.gps - snow - soil moisture
Data Grids
1. Oct 2019 to Oct 2018 would quantify water change over Water Year 2019.
2. Oct 2019 to Feb 2020 would quantify water change to date over the current year.
3. Water change from Oct 2011 to Oct 2015 quantifies water change over the four years of harsh drought. Identical to the figure in Argus et al. 2017 and similar to that in the project logo.
4. Water change (to this month in that year) in a heavy precipitation year.
5. Water change (to this month in that year) in a drought year.
Latency of 1 to 6 months.
 I will aim for 1 to 3 months.
 Aiming to get you a complete water change series from Jan 2016 to around Feb 2020
 in the next 3 months or so.

 Water storage is currently relative to Jan 1, 2012.	Comment by Yehuda Bock: From Don, 2/10/2020
 That is about half way through the time series.
 That is what is in eseses.2019 now,
 will update to Jan 1, 2013 soon, to be closer to the time series center.
Changes in components of water storage are provided monthly in text format in seven directories, with a latency of 1-3 months. The first two columns are latitude and longitude. (ftp://garner.ucsd.edu/pub/projects/eseses.2019/readme)
ReadMe file in top directory:
ftp://garner.ucsd.edu/pub/projects/eseses.2019/readme)
Data files:
ftp://garner.ucsd.edu/pub/MEaSUREs/hydrology/YYYY_Month
11.3.1 Change in total water storage inferred from GPS – “water.gps”
    column 3- equivalent water thickness (mm)
    column 4- uncertainty in equivalent water thickness (mm)
Grid?	Comment by Yehuda Bock: 	Comment by Yehuda Bock: Don, should we provide graphics/grids for this and other products? Monthly changes compared to what? 
11.3.2 Change in equivalent water thickness – “atmosphere”
    column 3- change in equivalent water thickness (mm)
11.3.3 Change in snow water equivalent (SWE) – “snow”
    column 3- change in snow water equivalent (mm)
Snow depth and snow water equivalent (SWE) data are available from NOAA’s National Weather Service's National Operational Hydrologic Remote Sensing Center (NOHRSC) SNOw Data Assimilation System (SNODAS). 
[https://nsidc.org/data/g02158] 
11.3.4 Change in soil moisture content (SMC) – “soil”
    column 3- change in soil moisture (mm)
NLDAS_NOAH is a monthly climatology data set contains a series of land surface parameters, including Soil Moisture Content (SMC), simulated from the Noah land-surface model (LSM) for Phase 2 of the North American Land Data Assimilation System (NLDAS-2). [https://disc.gsfc.nasa.gov/datasets/NLDAS_NOAH0125_MC_V002/summary] 
11.3.5 Change in artificial reservoir surface water – “reservoir”
    column 3- change in artificial reservoir surface water (mm)
These hydrological data are from the California Data Exchange Center (CDEC) Weather Gaging Stations, including automatic snow reporting gages for the Cooperative Snow Surveys Program and precipitation and river stage sensors for flood forecasting.
[https://www.calfish.org/ProgramsData/ReferenceLayersNaturalResources/(CDEC)WeatherGagingStations.aspx] 
11.3.6 Change in total mass – “mass”
Total mass = water.gps + reservoir + atmosphere
    column 3- change in soil moisture (mm) 
    column 4- uncertainty (mm)
11.3.7 Change in water in the ground not in hydrology models – “ground”
Inferred to be water.gps - snow - soil moisture
    column 3- change in water in the ground not in hydrology models (mm) 
    column 4- uncertainty (mm) 
Data Grids
11.3.8 Special maps of water change
6. Oct 2019 to Oct 2018 would quantify water change over Water Year 2019.
7. Oct 2019 to Feb 2020 would quantify water change to date over the current year.
8. For context, Water change from Oct 2011 to Oct 2015 quantifies water change over the four years of harsh drought. Identical to the figure in Argus et al. 2017 and similar to that in the project logo.
9. For context, Water change (to this month in that year) in a heavy precipitation year.
For context, Water change (to this month in that year) in a drought year.
[bookmark: _Toc38360812]11.3.1 Status
Prior solution mirrored at SIO.  August 2020 for initial product, then update every 4 months.



[bookmark: _Toc38360813]12. Web Presence
[bookmark: _Toc38360814]12.1 MEaSUREs Web Pages 
The project logo and web pages are found at http://sopac-csrc.ucsd.edu/index.php/measures-2/. An ESESES page at DAAC CDDIS directs users to our products located there (https://cddis.nasa.gov/).  [image: ][image: ]
Figure 24. Screen shot of our new interactive interface, MGViz, showing the estimated (L1C) detrended combination time series for one of our long-lived station PIN2 showing the coseismic and postseismic effects of two events – the 1999 Mw7.2 Hector Mine and 2010 Mw7.2 El Mayor-Cucapah earthquakes. The far-left panel shows the relevant data for that station. The next panel shows the different time series options available to the user.the MEaSUREs main web page hosted under the SOPAC web pages.

[bookmark: _Toc38360815]12.2 MGViz
The primary web interface to our ESDRs has shifted from GPS Explorer to the MEaSUREs GNSS Visualizer (MGViz) (Figure 25), which is based on the Multi-Mission Geographic Information System (MMGIS), previously developed at JPL to localize and visualize Mars mission science instrument data. This transition recognizes that due to evolution of technology over the past 15 years, GPS Explorer’s underlying portlet-based framework (GridSphere) has reached end of life, and Java time series applet support is unavailable in many browsers.  
MGViz has been approved by JPL as open source and is available for download in the NASA Advanced Multi-Mission Operations System repository (https://github.com/NASA-AMMOS).  It is now installed on a server at SOPAC. The GPS Explorer portal continues to provide the interactive interface for the administrator time series functions (sections 5 and 6). 

[image: ]
Figure 254. Screen shot of our new interactive interface, MGViz, showing the estimated (L1C) detrended combination time series for one of our long-lived station PIN2 showing the coseismic and postseismic effects of two events – the 1999 Mw7.2 Hector Mine and 2010 Mw7.2 El Mayor-Cucapah earthquakes. The far-left panel shows the relevant data for that station. The next panel shows the different time series options available to the user.

[bookmark: _Toc38360816]12.3 Events Page
We are in the process of creating event pages. For example, we responded to the July 2019 Mw6.2 and Mw7.1 earthquakes near Ridgecrest, California by estimating coseismic offsets (Figure 26) and subsequent postseismic deformation. In this case, we split the 24-hour period into pre- and post-earthquake data. Initially, we thought that about 100 stations had significant permanent coseismic offsets (Figure 26). Further, we determined that more than 50 additional stations were affected extending throughout the Los Angeles basin. Furthermore, for this L1C ESDR we estimated and archived the coseismic (dynamic and static) motions of the event itself (Figure 27). We created an event page for this earthquake sequence (http://sopac-csrc.ucsd.edu/index.php/ridgecrestjuly2019/). 
[image: ]
Figure 26. Total coseismic displacements at about 100 stations for the Mw6.4 and Mw7.1 earthquakes on July 4, 2019 estimated by SIO – the coseismic offsets were also estimated by JPL. Our combination time series provides a more accurate estimate of coseismic displacements for about 150 stations.




[image: ]
Figure 27. 1 Hz displacement waveforms as a function of distance from the July 6, 2019 Mw7.1 Ridgecrest earthquake’s epicenter. The blue dots represent P-wave arrivals. The red dots denote peak ground displacements.
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[bookmark: _1y810tw][bookmark: _4i7ojhp][bookmark: _Toc38360819]A1. Combining GIPSY and GAMIT Time Series using ‘st_filter’
[bookmark: _Toc38360820]A1.1 Raw solutions
Both the SOPAC sub-network (GAMIT) solutions and the JPL (GIPSY) solutions are loosely constrained solutions with full covariance matrices, which must be aligned to a unified reference frame. The loosely constrained solutions and their full covariance matrices are the input for combination and are referred to as the quasi-observations, X(t):
[image: ]
Where X0 is the reference position at a reference epoch t0, l is a scale factor, V0 is the velocity, ξk is the non-linear position displacement (offsets, seasonal and post-seismic deformation, etc.), rk(t,tk) is the coefficient for xk,, tx and tv are network translation and its rate, ωx and ωv are rotation and its rate, μ is the rotation matrix, and ε(t) is observation error.  For the daily combination, however, the time evolution terms are not necessary.  Thus, the quasi observation can be simplified to:
[image: ]	(1)
In practice, we do not estimate network transformation parameters for each sub-network solution.  Since the loosely constrained solutions can freely rotate and translate, all sub-network solutions are aligned into a unified frame by requiring all station coordinates that are common between sub-networks be the same.  The SOPAC sub-network solution procedure also estimates polar motion, UT1 and satellite orbits, and it is required that these are the same for of each sub-network.  Since the JPL solution uses its own satellite phase center model, a scale parameter for the JPL solution is estimated, which absorbs the model differences.
[bookmark: _Toc38360821]A1.2 Combining loosely constrained solutions
A Kalman filter is used to estimate the combined solution. The general algorithm is constructed as follows. The observation equation at the k-th step is:
[image: ]	(2)
Where δlk is the quasi observation, Ak is the design matrix, δxk is estimated parameter, εk is observation error.  From the k-th step to the (k+1)-th step, the state transition equation is:
[image: ]	(3)
Where is estimated parameter at state at (k+1)-th step after state transition, Sk is the state transition matrix, and qk is a stochastic state perturbation process.
From the k-th step to the (k+1)-th step prediction equations are formulated for the estimated parameter
[image: ]	(4)
and for the covariance matrix
[image: ]	(5)
Where Ck is the estimated covariance matrix at the k-th step, Ck+1|k is the predicted covariance matrix at the (k+1)-th step, and Qk is the covariance matrix of perturbation process. The updated equations at the (k+1)-th step become:
[image: ]	(6)
where 
[image: ]	(7)
is the Kalman gain and Pk+1 is the covariance matrix of the (k+1)-th step observation.  More details about the algorithm can be found in Dong et al. (1998).
For the daily combination, however, the equations can be simplified.  There is no state perturbation (both qk and Qk are zero) and Sk becomes the identity matrix, so that δxk+1|k is equal to δxk and Ck+1|k equals to Ck.  After combining all the sub-network’s quasi observation solutions, the combined solutions are self-consistent.   The combined solutions at this stage are still loosely constrained, so that they can and need to be aligned to a chosen reference frame.
 


51
8/14/20194/21/2020

image3.png
ESESES ESDR Gener:

SOPAC ‘GNSS/GPS abservables L0: GNSS/GPS |  copis&
Database *meladata Obseriatles + Metadeta | SOPAC Archives
o @ @
GAMT & PPP-
longerm raw geodetic
= time seres (ESDR 1.1)
Daily station | | Tropospheric 2 Day station | | Tropospheri> L1B: Troposphere delay GPs
delays ik posiions delays ime series at selectable Explorer
1 tervals (ESDR 1.3) P

G Adminsrator
i daad | L1c: Calibrated and
i Wealher | valdsted combined
models || geodetic daily and high-
et e
Cal. &Val. $ L2A: Precipitable water
precipitable vapor (ESDR 1.4)
‘water vapor

Highrate
combinations

L3A: Calibrated & validated
| Legend
Frincipal Fostseismic: modeled
Cingonent el fectonicearthauake
Analysis parameters, residual time
series (ESDR 1.2) Product
- ~ L3A: Seismogeodetic
Productproduced
Residual %::::é Vettcal Nonectonic | |earthquake catalog (ESDR outideEseses
displacements e parameters | |2-1) U product
“|LaA: Transient fautt slip @ rodiit
catalog (ESDR 2.2)
L4A: Total water storage 5 product
(CONUS) (ESDR 2.3 ot
[Jrewsrossa





image4.png
Table 1: ESDRs to be produced under ESESES and their response to the Science Challenges posed by NASA’s Earth Surface and Interior

5 | Mgoritnm CORE 2016*
ESDR ESDR Description & | o Need / Usage Sci. Challenge
1]2]3]4]5]6]7
11 Global IDaily, combined, leaned and fitered, GIPSY-GAMIT long-term [Basis for all higherlevel
__ [CalibratediValidated Geodetic fime series of CGPS station positions (global and regional)in - |82 roducts. Need identfiedin | x x|x
S |Displacement Time Series e atest version of [TRF, automaticaly updated weekiy NAsA [CORE 2016
% T2 Global feeKly updated velocily field + velocly field histories in various | | REASON: [Cong-ferm, high-resolufion
(Calibrated/Validated Geodetic feference frames; compendium of all model parameters 5 | MEASURES|monitring of changes in X x|x
\Velocities including earthquake catalog, coseismic offsets, and 20068 " [Earth's surface addressing
ostseismic model parameters (exponential o logarithmic). 20012 |Need identified in CORE 2016, ||
3 CalbratedValdaled |Long lem time seies of opasphere delay (0-min tesOlIon) | |4 gg5 0TS he basisfor Precipiable
£ [Troposphere Delay Time el geodeic stallons, necesserly estimated during posion time | 2 (94, (0% Water Vapor (PWV) ESDR and| X X[x
2 [series eries production and automatically updated weeki e Nca calbration maps for nSAR. ||
2[4 CalibratedValidated __[Long-term time Series of precipitable water vapor (PWV) at oy [Addresses key areas of
& |Preciptable Water Vapor Timegeodietic (iobal and regiona) staions, automatcaly updated | , |y 81 lunceraity n the cimate x| x
S [series eekly. S jovstem and its potential
] changes (Gaffen. 2000). ||
£ [T5 Seismogeodetic records _|High-rate broadband displacement and seismic velocily fime NASA ATST [Finite fault sip modes,
& for historic earthauakes eries combining 1 Hz GPS displacements and 100 Hz 3| 2008+ |earinquake carly waming and | M
laccelerometer data for select large earthquakes and collocated rapid response algorithms
[CGPS and seismic instruments from regional netviorks 2012
2.1 Continuous High-Rate _|Mult-year confinuous high-rafe geodetic and seismogeodetic onna ot a |Tvestgate the full specirum of
IPosition time series ime series in tectonically active regions. 2 | Peya et @l IEarth mofions, fransiton from | X X[x
Iseismic to geodeic motions. |
< 22 Plate Boundary Aseismic_(Cataloging and parameterizing ransient deformation in Crowell et |Continuous monitoring of the
& (Transients eclonically acive areas known for aselsmic ransient mofion | | al, 2016 + state of subduckion plate X M
2 uch s episodic tremor and sip (ETS), first discovered in Liuetal, |boundary; earthquake-cycle
S japan and Cascadia. 2010, 2015b|study and seismic hazard ||
2 (23 Change in Total Water _|Continuous estimation and cataloging of otal near-surface NASA EST [Determination of changes in
Storage Time Series ater content erived from continuous GNSS time series over | , | 2013 folal wafer sorage at igh M M
he continental U.S. resolution to consirain snow,
Jsoil moisture, and groundwater





image5.emf



Level Product Notes Format Location Filename



1
Raw 3-D displacement time 
series



Gross outliers 
removed



JPL self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/ WNAM_Raw_TrendNeuTimeSeries_jpl*



SIO self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/ WNAM_Raw_TrendNeuTimeSeries_sopac*



Combination self-documenting ASCII (temporarily discontinued)
1B troposphere zenith delay



JPL (daily solutions)
.trop format documented in 
README file ftp://sopac-ftp.ucsd.edu/pub/solutions/gipsy/trop 



JPL (timeseries) SINEX_TRO V2.00 ftp://cddis.gsfc.nasa.gov/pub/GPS_Explorer/latest/trop/
SIO (daily solutions) GAMIT ofiles ftp://sopac-ftp.ucsd.edu/pub/solutions/<regional|global>



1C
Cleaned/unfiltered 
displacement time series



Outliers and jumps 
removed



JPL self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/



WNAM_Clean_TrendNeuTimeSeries_jpl* 
WNAM_Clean_DetrendNeuTimeSeries_jpl*



SIO self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/



WNAM_Clean_TrendNeuTimeSeries_sopac* 
WNAM_Clean_DetrendNeuTimeSeries_sopac*



Combination self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/



WNAM_Clean_TrendNeuTimeSeries_comb* 
WNAM_Clean_DetrendNeuTimeSeries_comb*



Filtered time series
PCA applied to 
Cleaned series



JPL self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/



WNAM_Filter_TrendNeuTimeSeries_jpl* 
WNAM_Filter_DetrendNeuTimeSeries_jpl*



SIO self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/



WNAM_Filter_TrendNeuTimeSeries_sopac* 
WNAM_Filter_DetrendNeuTimeSeries_sopac*



Combination self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/



WNAM_Filter_TrendNeuTimeSeries_comb* 
WNAM_Filter_DetrendNeuTimeSeries_comb*



Cleaned residual time series



Difference of 
modeled series from 
Cleaned time series 
points



JPL self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/



WNAM_Clean_ResidNeuTimeSeries_jpl* 
WNAM_Clean_ResidNeuTimeSeries_jpl*



SIO self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/



WNAM_Clean_ResidNeuTimeSeries_sopac* 
WNAM_Clean_ResidNeuTimeSeries_sopac*



Combination self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/



WNAM_Clean_ResidNeuTimeSeries_comb* 
WNAM_Clean_ResidNeuTimeSeries_comb*



Filtered residual time series



Difference of 
modeled series from 
Filtered time series 
points



JPL self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/



WNAM_Filter_ResidNeuTimeSeries_jpl* 
WNAM_Filter_ResidNeuTimeSeries_jpl*



SIO self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/



WNAM_Filter_ResidNeuTimeSeries_sopac* 
WNAM_Filter_ResidNeuTimeSeries_sopac*



Combination self-documenting ASCII
ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica
ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/



WNAM_Filter_ResidNeuTimeSeries_comb* 
WNAM_Filter_ResidNeuTimeSeries_comb*










LevelProduct Notes Format Location Filename

1

Raw 3-D displacement time 

series

Gross outliers 

removed

JPL self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/ WNAM_Raw_TrendNeuTimeSeries_jpl*

SIO self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/ WNAM_Raw_TrendNeuTimeSeries_sopac*

Combination self-documenting ASCII (temporarily discontinued)

1B troposphere zenith delay

JPL (daily solutions)

.trop format documented in 

README file ftp://sopac-ftp.ucsd.edu/pub/solutions/gipsy/trop 

JPL (timeseries) SINEX_TRO V2.00 ftp://cddis.gsfc.nasa.gov/pub/GPS_Explorer/latest/trop/

SIO (daily solutions) GAMIT ofiles ftp://sopac-ftp.ucsd.edu/pub/solutions/<regional|global>

1C

Cleaned/unfiltered 

displacement time series

Outliers and jumps 

removed

JPL self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/

WNAM_Clean_TrendNeuTimeSeries_jpl* 

WNAM_Clean_DetrendNeuTimeSeries_jpl*

SIO self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/

WNAM_Clean_TrendNeuTimeSeries_sopac* 

WNAM_Clean_DetrendNeuTimeSeries_sopac*

Combination self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/

WNAM_Clean_TrendNeuTimeSeries_comb* 

WNAM_Clean_DetrendNeuTimeSeries_comb*

Filtered time series

PCA applied to 

Cleaned series

JPL self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/

WNAM_Filter_TrendNeuTimeSeries_jpl* 

WNAM_Filter_DetrendNeuTimeSeries_jpl*

SIO self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/

WNAM_Filter_TrendNeuTimeSeries_sopac* 

WNAM_Filter_DetrendNeuTimeSeries_sopac*

Combination self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/

WNAM_Filter_TrendNeuTimeSeries_comb* 

WNAM_Filter_DetrendNeuTimeSeries_comb*

Cleaned residual time series

Difference of 

modeled series from 

Cleaned time series 

points

JPL self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/

WNAM_Clean_ResidNeuTimeSeries_jpl* 

WNAM_Clean_ResidNeuTimeSeries_jpl*

SIO self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/

WNAM_Clean_ResidNeuTimeSeries_sopac* 

WNAM_Clean_ResidNeuTimeSeries_sopac*

Combination self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/

WNAM_Clean_ResidNeuTimeSeries_comb* 

WNAM_Clean_ResidNeuTimeSeries_comb*

Filtered residual time series

Difference of 

modeled series from 

Filtered time series 

points

JPL self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/

WNAM_Filter_ResidNeuTimeSeries_jpl* 

WNAM_Filter_ResidNeuTimeSeries_jpl*

SIO self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/

WNAM_Filter_ResidNeuTimeSeries_sopac* 

WNAM_Filter_ResidNeuTimeSeries_sopac*

Combination self-documenting ASCII

ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ATS/WesternNorthAmerica

ftp://cddis.nasa.gov/pub/GPS_Explorer/latest/

WNAM_Filter_ResidNeuTimeSeries_comb* 

WNAM_Filter_ResidNeuTimeSeries_comb*
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Level Product Notes Format Location Filename



2 Velocity vectors



JPL
N E U sigmaN sigmaE sigmaU 
(meters) http://geoapp02.ucsd.edu:8080/gpseDB/vel?op=getNEUFile&site_list=all&coord=jpl_ats



SIO
N E U sigmaN sigmaE sigmaU 
(meters) http://geoapp02.ucsd.edu:8080/gpseDB/vel?op=getNEUFile&site_list=all&coord=sopac_ats



combination
N E U sigmaN sigmaE sigmaU 
(meters) http://geoapp02.ucsd.edu:8080/gpseDB/vel?op=getNEUFile&site_list=all&coord=comb_ats



2 Precipitable water vapor



JPL SINEX_TRO V2.00 ftp://cddis.gsfc.nasa.gov/pub/GPS_Explorer/latest/trop



2 High-rate position timeseries



JPL TBD



SIO TBD



3 Strain and Strain rate TBD



3



High-rate Seismogeodetic 
timeseries for significant 
earthquakes



ftp://sopac-ftp.ucsd.edu/pub/projects/Earthquakes



4 Aseismic transients TBD



4 Water storage change ftp://sopac-ftp.ucsd.edu/pub/projects/eseses.2019










LevelProduct Notes Format Location Filename

2 Velocity vectors

JPL

N E U sigmaN sigmaE sigmaU 

(meters) http://geoapp02.ucsd.edu:8080/gpseDB/vel?op=getNEUFile&site_list=all&coord=jpl_ats

SIO

N E U sigmaN sigmaE sigmaU 

(meters) http://geoapp02.ucsd.edu:8080/gpseDB/vel?op=getNEUFile&site_list=all&coord=sopac_ats

combination

N E U sigmaN sigmaE sigmaU 

(meters) http://geoapp02.ucsd.edu:8080/gpseDB/vel?op=getNEUFile&site_list=all&coord=comb_ats

2 Precipitable water vapor

JPL SINEX_TRO V2.00 ftp://cddis.gsfc.nasa.gov/pub/GPS_Explorer/latest/trop

2 High-rate position timeseries

JPL TBD

SIO TBD

3 Strain and Strain rate TBD

3

High-rate Seismogeodetic 

timeseries for significant 

earthquakes

ftp://sopac-ftp.ucsd.edu/pub/projects/Earthquakes

4 Aseismic transients TBD

4 Water storage change ftp://sopac-ftp.ucsd.edu/pub/projects/eseses.2019
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