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PART 2: PROJECT FINDINGS

The following summarizes, some of the key findings of the SNARF project. More details can be found in
the Appendices, and in the references listed at the end of this section. Many of the references refer to
presentation and posters that can be found on the SNARFweb page

http://www.unavco.org/research_science/worknggroups projects/snarf/snarf.html

(1) GIA can cause systematic error in pole of rotation that leads to ~1mm/yrvelocity bias. A significant
cause of potential bias arises from lateral heterogenety, such as the plate boundaries themselves (Figure
1). On this basis, the SNARF WG decided that adifferent approach wasneeded than simply adopting a
specific GIA model. Instead, a stochastic data-assimilation approach was developed and applied.
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Figure 1: Modeled effect of plate boundaries on GIA-induced horizontal velocities (Tamisea, 2006).

(2) In the global reference frame ITRF2005, the pattern of GIA uplift (Hudson Bay) and peripheral bulge
(Canada-US) is clearly delineated in the GPS velocity solutions. This is first-order evidence that ITRF is



suitably accurate. The SNARF WG decided to adopt the ITRF20050rigin and scale as the reference
frame for vertical motiors. In all contributing GPS solutions, vertical motions beyond the peripheral
bulge are consistently < 1 mm/yr, including the plate boundary regiors spanning the Basin andRange,
the Sierra Nevada, and the NA-Pacific transform.

(3) In a non-rotating reference frame, there exists a plate interior (east of Rockies/Rio GrandeRift)
which is clearly stable in all contributing GPS velocity solutions to <1 mm/yr. Bermuda is clearly on
stable North America (with no apparent passive margin deformation,as expected). However, Greenland,
Alaska, Siberia motions appear to be significant in some GPS solutions (1-3 mm/yr), as compared to sites
in the stable plate interior. This may be in part dueto a mix of GIA, current ice (de-)loading, and
permafrost effects.

(4) Monument stability and jumps in time seriesremains an issue for many sites, but the best stes have
0.1 mm/yr monument stability (inferred by local baselines).

(5) Daily transformations into SNARF are recommended versus rotation of velocity field.

(6) SNARF has been successfully adopted by the operational analysis centers of the Plate Boundary
Observatory. Also, it is now clear that operational analysis of GPS data throughout Stable North
America (in Canada and USA) can be performed successfully by the national geodetic agencies, NRCan
and NGS, thus leading the way to the future adoption of a legal North AmericanReference Frame
(NAREF) that is based on SNARF concepts and data.

(7) A new SNAREF version 2.0 is currently undergoing final adjustment and testing and is scheduled for
public release in Spring 2008. Some small remainingsite edits are needed to remove sites with local
subsidence and monumentinstability. Once the new GIA model is available, the final version should be
generated quickly. The whole SNARF system will need to be re-done once the IGS analysis using
absolute phase center models in completed. The IGS re-analysis will take at least another year.

In summary, the SNARF project has successfully met its key objectives, in that we have defined a
vertical and horizontal reference frame which significantly enhance geophysical interpretation of GPS
velocities in the Plate Boundary Observabry. We find that future improvements are currently limited by
the accuracy of GIA models and the quality of existing geodetic stations in stable North America(versus
the relatively higher quality of stations in PBO). We therefore recommend that future research efforts be
directed to improved GIA models and their impacton reference frame definition, and into improving the
quality and density of geodetic infrastructure within stable North America, far from the tectonically
active plate boundary.



Appendix Al. Analysis of GPS solutions submitted for SNARF Version 2.0
contributed by Tom Herring

Introduction

Five GPS analyses have been submitted for inclusion in SNARF version 2.0. The characteristics of these
solutions are given in Table Al.1. For the initial constructions of SNARF version 2.0, only stations that
appear in at least two analyses are included in the reference frame. This approach allows us to check the
agreement between different analyses and in some cases eliminate stations that have discordant velocity
and position estimates. With this condition applied, there are 465 stations at 283 unique locations
included in the combination.

A critical step in the combinaton of the analyses submitted to SNARF version 2.0 is the calculation of
the scale factors that must be applied to the submitted covariance matrices so that all the analyses are
given the appropriae weight in the combination. The scale factors are computed from the chi-squared-
per-degree of the fit of the analysis center solution the ITRF2005 velocties of sites in North America.
The re-weighting scale factors are given in Table A1.1. After these factors are applied and the analyses
combined, there are 222 unique locations with height rate sigmas less than 5 mm/yr,213 locations less
than 4 mm/yr, 167 locations less than 2 mm/yr and 59 locations less than 1 mm/yr.

The final step in the generation of SNARFversion 2.0 will be the synthesis of current velocty estimates
in the glacial isostatic adjustment (GIA) ensemble model and the final alignment of estimated velocty on
the stable North America sites in the GIA model.

Table A1.1: Submissions to SNARF Version 2.0

Code | AC File #Stations | #Unique | Re-weight
Stations

CBN CBN/NRCAN CBNO06P30v4uc.snx 200 190 8.8

NAR | NAREF/NRCAN | NAR06P44v6uc.snx 724 578 621

PUR EC/Purdue calais nov06.snx 677 675 3.6

UAF JF/UAF UAF SNAREF.stacov 132 132 7236

UNR GB/UNR UNR SNARF 0208.stacov 45 45 2653

The table entries are: Code: Code to denote the amlysis; AC: Analysis and center. The codes are CBN
Canadian Backbone Network, NAREF North America Reference Frame, EC Eric Calais, JF Jeff Freymueller, GB
Geoff Blewitt, NRCAN National Resources Canada, Purdue Purdue University, UAF University Alaska
Fairbanks, and UNR University Nevada Reno. #Stations and #Unique Stations are the number of stations and
unique locations included in the analysis. These two entries differ due to offsets in stations positions that arise
from antenna and radome changes and sometimes monumentreconstruction. Re-weight is the scale factor applied
to the submissions variance-covariance matrix to generate standard deviations for velocity estimates that are
consistent across the analyses (see text for discussion).

Analysis Method

The submissions from each center are converted from SINEX or STACOV to the GLOBK binary format.
Centers which have their frames constrained have a +10 mas rotation and +1 m translation covariance
added to the submitted covariance matrix. These covariance matricesare computed such that the staions
rotate and translate in a consistent fashion. As noted in Table 1, variance-scaling factors are determined
by velocity RMS fits of each center’s velocity field to IGS05. During the combination of the results from
each center, rotations, translation and scale values and rates are estimated. At the end ofthe combination,
the reference frame is realized by rotation/translation and scaling orto a chosen referencesystem. This
reference system will ultimately be a GIA ensemble estimated model. At this stage while the inputs to
SNAREF version 2.0 are being validated we have used SNARF version 1.0 GIA model, IGS05 or SNARF



version 2.0 (for comparing analysis center results). During the combination, we also check for position
inconsistencies between the analysis centers, which sometimes arise in heights or from different
treatments of antenna and radome changes. In a final step of the combination, velocities at collated sites
are equated by constrants to the covariance matrix.

In current combination, the UAF analysis is not used due to numerical stability problems. These
problems could berelated to the de-constraining method used and shoud be easily rectified. The final
version of SNARF version 2.0 will use a GIA model derived fromthe current combination when the
UAF analysis can be added.

As part of the evaluation of the combination we compare each of the input analyses to the combined
analysis. The results are shown in Table A1.2.

Table A1.2: RMS Velocity difference between contributions and combined version 2.0

Code # Weight Root-Mean-Square Normalized Root-Mean-Square
difference (mm/yr) difference
N E U N E U
CBN 73 0.23 0.55 0.61 0.29 0.51 0.13
NAR 311 0.55 0.58 1.51 0.34 0.37 0.25
PUR 204 0.17 0.15 0.44 0.33 0.34 0.41
UAF 96 0.78 0.75 2.59 0.18 0.24 0.29
UNR 36 0.29 0.33 1.96 0.56 0.66 1.09

# is the number of common stations and the normalized RMS differenceis the square root
of chi-squared per degree of the freedom of the differences. These values should be near
unity. All values are less than unity which may indcate some systematic differences
between the SNARF input solutions and ITRFO05 in North America.
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Figure Al.1: Preliminary SNARF version 2.0 aligned with version 1.0 GIA Model. Sites with
horizontal velocity uncertainties of less than 1 mm/yr are shown (with 95% confidence ellipses).
Only the sites with horizontal motions due to GIA will be used in the final version 2.0 alignment.



Preliminary results

Figure A1.1 shows the current horizontal and interpolated vertical velocities of SNARF version2.0 when
the reference frame is aligned with the GIA model used in the alignment of SNARF version 1.0.

To indicate the effects of reference frames, we show in Figure A1.2, the preliminary SNARF model
aligned with ITRF 2005 sites in North America rotated to the North American plate using the ITRF2005
Euler pole. In this case much larger horizontal motions can be seen and these magnitude motims are
seen in some GIA models. The GIA ensemble model for SNARF version 2.0 should ensure that most
consistent set of horizontal and vertical motions are obtained.
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Figure A1.2: Preliminary SNARF version 2.0 aligned with the North American sites in ITRF
2005. Other aspects of the figure are the same as figure Al.1.

Summary

The current SNARF version 2.0 combination is in good shape with some small remaining ste edits
needed to remove sites with local subsidence and monument instability. Once the new GIA model is
available, the final version should be generated quickly. The whole SNARF system will need to be re-

done once the IGS analysis using absolute phase center models in completed. The IGS re-analysis will
take at least another year.



APPENDIX 2: Purdue Contribution to SNARF
contributed by Eric Calais

The Purdue contribution to SNARF is a combination of two independent solutions, one produced by
Univ. Wisconsin (C. DeMets) using the GIPSY-OASIS software, the other produced by Purdue Univ. (E.
Calais) using the GAMIT-GLOBK software. Both solutions include up to 14 years of continuous data at
about 500 continuous GPS sites in the central andeastern U.S. and Canada (Calais et al., 2006).

The GIPSY-OASIS solution follows the precise point positioning analysis strategy (Zumbergeet al.,
1997). No attempt was made to resolve integer phase ambiguties. Site coordinates determined from the
analysis of the GPS phase and pseudo-range observables are initially defined in a fiducial-free reference
frame and subsequently transformed into the International Terrestrial ReferenceFrame 2000 (ITRF2000;
Altamimi etal., 2002) using 7-parameter Helmert transformations that align the daily coordinates of a
selected subset of ITRF2000 fiducial sites with the fiducial-free coordinates of the same subset of sites.
Station velocities are calculated by a linear fit to the position time series, including estimation of antenna
phase center offsets where such offsets are not specified in gation site logs. Station velocity uncertainties
are estimated using the Mao et al. (1999) uncertainty estimation algorithm, site-specific estimates of
white and flicker noise,and an assumed 1 mm yr®° of random monument walk.

The GAMIT-GLOBK solution uses double-differenced GPS phase measurementsto estimate daily
station coordinates, satellite state vectors, 7 tropospheric delay parameters per site and day, horizontal
tropospheric gradients, and phase ambiguities using IGS final orbits and Earth orientation parameters.
For processing time considerations, we divided the network into regional subnetworks of about 25 stes
each. All subnetworks share 6 common IGS sites (AOML, USNO, ALGO, NLIB, MDO1, AMC2) well
determined in ITRF2000. These sites serve to tie the subnetworks together and with the ITRF. We then
produce position time series that we use to estimate site-specific parameters for a noise model that
includes white and random-walk processes. We finally combine the (unconstrained) daily solutions for
each subnetwork into a single, unconstrained, position-velocity solution while accounting for site-specific
noise parameters.

In addition to the GAMIT and GIPSY solutions described above,we use (1) the global solutions provided
by the IGS, which results from the combination of individual solutions from IGS analysis centers, goes
back to February 1999, and (2) the full definition (i.e., estimates and complete covariancematrix) of the
ITRF2000 (Altamimi et al., 2002).

We then combined the minimally congdrained individual solutions mentioned above usng the
combination algorithm developed by Altamimi etal. (2002). The combination consists of simultaneously
estimating, for each site in each solution (GAMIT, GIPSY, IGS, ITRF2000), its velocity, position, and a
14-parameter transformation betweenthe individual and the combinedsolution.

The reference frame definition in the combination can be implemented by imposng the 14-parameter
transformation between ITRF2000and the combined solution to be zero to express the resuking velocity
field in ITRF2000. For the purpose of SNARF, we however provided a loosely constrained solution.



APPENDIX 3: UNR Contribution to SNARF
contributed by Geoff Blewitt and Corné Kreemer
The contribution of University of Nevada, Reno (UNR)to SNARF was produced using the GIPSY -

OASIS software. The solution is a subset of a solution of 3790 GPS sites worldwide (~2,600
continuous), with up to 14 years of continuous data from 1994-2008 (Figure A3.1).

Figure A3.1: Global ambiguity-resolved solution of 3790 stations from UNR

As for the Purdue solution, the GIPSY-OASIS analysis follows the precise point positioning analysis
strategy (Zumbergeet al., 1997), however, integer phase ambiguities were resolved using the new
“Ambizap” algorithm (Blewitt, 2006). Site coordinates determined from the analysis of the GPS phase
and pseudo-range observables are initially defined in a fiducial-free reference frame and subsequently
transformed into the International Terrestrial Reference Frame 2005 using a 7-parameter Helmert
transformations provided by JPL. No scaling was applied to error bars, which are overly optimistic.

A subset of 45 sites was selected to define akinematic frame with a linear motion (constant velocity)
model. These sites spanned the region from Hawaii to Alaska, to Greenland andto Bermuda (Figure
A3.2). A loosening transformation was applied to the PPP covariance matrices prior to station velocity
estimation, which effectively allows a further small transformation (rotatin, translation and scale) of
individual daily solutions relative to the kinematic frame defined by the linear motion model. These 45
sites were selected on the basis of geographical distribution, continuous time series since January 2000,
and no known jumps in the timeseries (resulting from equipment configuration changes). A linear model
was fit to data from these 45 sites using only data since January2000.

Finally, a no-net rotation constraint was applied using a subset of 18 sites within the stable NA contnent
that were deemed to be sufficiently far from tectonic and horizontal GIA effects (Figure A.3.3). This last
step has no effecton the final SNARF combination, but does provide anindependent check on the
realization of a non-rotating frame. This rotational constraint then applied to the 45 station frame, and
then transformation file (“x-files” in GIPSY parlance) were generated to transform daily non-fiducial
solutions into a stable NA reference frame (SNARF). UNR is now aiming to make these NA x-files
publicly available.



The resulting horizontal velocities (Figures A3.2 and A3.3) show that Bermudais indeed attached to
stable North America, however, Greenland and northern Alaska havesignificant velocities (at the few
mm/yr level).
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Figure A3.2: Horizontal velocities of the UNR solution for the 45 sites defining a
constant velocity kinematic frame (nominally in ITRF2005, then with no-net
rotation constraint applied to subset described in Figure A3.3).
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Figure A3.3: Horizontal velocities zoomed in to show details. Stations within
the closed curve were used to define a no-net rotation frame.



The resulting vertical velocities (Figures A3.4 and A3.5) clearly delineate avast vertically stable area
from the areas of GIA uplift and peripheral bulge collapse. Generally, the magnitude of vertical
velocities for sites beyond the peripheral buge are < 1 mm/yr, including sites in the Basin and Range
province, and in the region of the San Andreas transform, including the Sierra Nevada.
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Figure A3.4: Vertical velocities of the UNR solution for the 45 sites defining a
kinematic frame.
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Figure A3.5: Vertical velocities of the UNR solution in detail.
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