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PROPOSAL SUMMARY
Workshops to Establish a Stable North America Reference Frame for EarthScope

The Plate Boundary Observatory (PBO) component of EarthScope will use the science of geodesy to measure
the slow deformations in the Earth's crust that are driven by plate tectonics and magmatism. Specifically, the Global
Positioning System (GPS) will be used to measure the movements of approximately 1000 points spanning the North
America-Pacific plate boundary. These motions must be defined relative to a terrestrial reference frame. Such a
frame requires the definition of its Cartesian coordinate axes (including origin, orientation, and scale) and the
evolution of these axes in time, as well as precise models of the dynamic Earth. The motions of the Earth's surface
due to tectonic processes the region spanning the North America-Pacific plate boundary (the focus of PBO) are most
naturally expressed with respect to the stable interiors of either the North America or Pacific plates. A standard
reference frame will therefore make it easier to interpret the geodetic data in terms of where the total budget of
relative plate motion is being accommodated (for example, how much deformation can be inferred to be offshore?),
and how deeply the plate boundary dynamics penetrate into the plate interior (is the Rio Grande Rift in New Mexico
still active?). It will also provide a common frame by which to compare results from different analysis groups.

For these reasons, UNAVCO formed the Stable North American Reference Frame (SNARF) working group to
define the reference frame to be used for PBO. A series of 4 small NSF EarthScope workshops have so far been held
over a two-year funded period (Jan 2004-Dec 2005; P.I.s Larson and Davis) to develop SNARF and to educate the
community. The SNARF working group is comprised of ~16 geodesists with expertise in developing and testing
reference frames. The SNARF working group has significant links to developers of the International Terrestrial
Reference Frame (ITRF) and the national geodetic surveys of the U.S. (NGS) and Canada (NRCan), who have
committed experts to collaborate with the university research community toward this effort.

Now 1.5 years into the project, an initial reference frame has been developed and publically released (at the
2005 UNAVCO Meeting). The goal of this proposal is to continue research to improve and further develop
SNARF, with the eventual goal of handing off operational and regular maintenance to the joint auspices of the US
and Canadian national geodetic surveys, as part of their joint remit to maintain the "North American Datum". We
request that EarthScope support the travel of the SNARF meeting participants and the costs of renting meeting
rooms over the next two years (Jan 2006 - Dec 2007). The research of the SNARF Working Group is based on a
volunteer effort and would come at no cost to this grant. UNAVCO Inc. would absorb the cost of logistical and
web-based support within its regular funded activities for community support.

In terms of science benefits to EarthScope, the accurate realization of the terrestrial reference frame in terms of
scientific models (rather than arbitrary convention) will add significant interpretive value to measured station
motions. SNARF will provide a common framework for comparison of geodetic data and geophysical models.
Defining a stable frame at the sub-millimeter level requires adequate characterization of Earth deformation
processes across the "stable plate interior," a region that by definition is relatively unaffected by plate boundary
process. This plate interior provides a stable platform from which to view plate boundary deformation. Despite its
name, the stable plate interior actually deforms very slowly in a complex way due to phenomena such as glacial
isostatic adjustment and other mantle-scale processes, coupled to a heterogeneous lithosphere which is occasionally
host to large intra-plate earthquakes. Until recently, such slow intra-plate processes have been ignored in the
underlying models of reference frames. The SNARF WG will address the many aspects of what is required to realize
a N.A. frame with sub-mm stability, including required observations, kinematic characterization, dynamic models,
possible inferences from seismic anisotropy, reference frame theory, and also on limiting factors that control the
level of stability that might be achieved in the foreseeable future.

In terms of broad impacts, the outcome of the SNARF workshops will be a published series of incrementally
improved reference frames that accurately define the precise coordinates and time evolution of a set of stations
representing "stable North America," thus enabling the broad scientific community to realize a common, accurate
reference frame for their own research purposes. The SNARF Working Group will provide tools and products for
performing model calculations and model-data comparisons in the EarthScope reference frame. The EarthScope
initiative will significantly broaden the community using geodetic techniques to study the Pacific-North American
plate boundary. Therefore the SNARF working group will not only develop an accurate and stable reference frame,
but will also properly describe the use of that reference frame to this larger scientific community. This has been
achieved by special sessions at AGU meetings, and at SNARF forums at UNAVCO meetings, where future users
were informed of developments by the working group, and feedback from the scientific community was encouraged.
Educational information on using the frame correctly will be made available online. From a national perspective,
the SNAREF research product will become the US and Canadian national reference frame "NAREF" (North
American Reference Frame) to supercede the current definition of the North American Datum (NADS3). This will
have profound implications for the US geospatial infrastructure, and all govermental and commercial enterprises
who depend on it.
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Workshops to Establish a Stable North America Reference Frame
for EarthScope

Purpose

The Plate Boundary Observatory (PBO) component of EarthScope will use the science of
geodesy to measure the slow deformations in the Earth's crust that are driven by plate tectonics
and magmatism. Specifically, the Global Positioning System (GPS) will be used to measure the
movements of approximately 1000 points spanning the North America-Pacific plate boundary.
These motions must be defined relative to a terrestrial reference frame. Such a frame requires the
definition of its Cartesian coordinate axes (including origin, orientation, and scale) and the
evolution of these axes in time, as well as precise models of the dynamic Earth. The motions of
the Earth's surface due to tectonic processes the region spanning the North America-Pacific plate
boundary (the focus of PBO) are most naturally expressed with respect to the stable interiors of
either the North America or Pacific plates (Figure 1). A standard reference frame will therefore
make it easier to interpret the geodetic data in terms of where the total budget of relative plate
motion is being accommodated, and it will help answer EarthScope's “big questions” (see
below). It will also provide a common frame by which to compare results from different
analysis groups.

1207

100°W

Figure 1: (Left) GPS site velocities expressed in reference frame ITRF2000. (Right) The same
velocities expressed in the North America reference frame defined by model NUVEL-1A.
Whereas NUVEL-1A is now known to have numerous problems (for example, it considers Africa
as one plate), this figure does illustrate how an ppropriate choice of reference frame can greatly
simplify interpretation of the same data set.

For these reasons, UNAVCO formed the Stable North American Reference Frame (SNARF)
working group in 2003 with the remit to define the reference frame to be used for PBO.
Recognizing the importance of this activity, in 2003 at Sapporo, Japan, the SNARF Working
Group gained the stamp of approval as part of the International Association of Geodesy's
Working Group “NAREF,” providing an international framework for cooperation between
Canada and the United States on defining a common North American frame to satisfy the legal
and most stringent technical requirements of the broader geospatial community. This aspect will
have far reaching broader impacts through the geospatial infrastructure, for example, in the
definition of products distributed to surveyors through the California Spatial Reference Center



(CSRC). Letters of support and commitment to the development and implementation of
SNAREF are attached from NGS, NRCan, and CSRC, each of which are represented on the
SNARF Working Group and have been instrumental in its success.

The Stable North America Reference Frame (SNARF) Working Group

G. Blewitt (Chair), D. Argus, R. Bennett, Y. Bock (CSRC), E. Calais, M. Craymer (NRCan), J.
Davis, T. Dixon, J. Freymueller, T. Herring, D. Johnson, K. Larson, M. Miller, G. Sella, R. Snay
(NGS), and M. Tamisiea

Starting in January 2004, NSF funded a series of small workshops by UNAVCO's Stable North
American Reference Frame (SNARF) Working Group to define the reference frame to be used
for EarthScope. Such a frame would be important to describe relative motions of Plate Boundary
Observatory sites spanning the North America - Pacific plate boundary. The goal was to

facilitate geophysical interpretation and inter-comparison of geodetic solutions through
standardization and documentation.

Fundamentally a reference frame is required because GPS alone does not provide unambiguous
coordinates: GPS data are relatively insensitive to global rotations of the entire system. Fixing
the rotation according to a well-documented scientific rationale and procedure can facilitate
geophysical interpretation. Early on, the SNARF working group identified that current frames
such as NUVEL-1A have significant deficiencies, particularly as the East African Rift was not
taken into account. Moreover, glacial isostatic adjustment (GIA) is known to produce greater
intraplate deformations than plate tectonics across a large portion of the North America, and so
GIA would need to be considered in the reference frame. Furthermore, research by the SNARF
group indicated that GIA models are very sensitive to model parameters, and it is important to
define a frame that does not come into systematic conflict with GPS data from well-established
sites. For example, models of lateral variations in Earth structure can change predicted horizontal
motions by a few millimeters per year in some locations.

The release of an initial version of SNARF was announced at the 2005 UNAVCO Members
Meeting [Blewitt et al., 2005], which including an interactive session with potential users on the
scientific rationale, procedures, with a discussion on how to use the products. In October 2005,
this intial version of SNAREF is scheduled to be routinely applied to geodetic products from the
Plate Boundary Observatory (PBO) Analysis Centers. This represents a natural end to the first
phase of SNAREF research and development, which stands on its own as an important
achievement that will have a significant positive impact on the utility of PBO analysis products,
and on the ability of the broader principle investigator community to compare results within a
common frame, that is well-defined and well-justified scientifically.

What is now proposed is for the SNARF Working Group to continue research into improving
this initial reference frame, and within a 2-year period hand off operational and regular
maintenance of the reference frame to the joint auspices of the US and Canadian national
geodetic surveys, as part of their joint remit to maintain the "North American Datum". This
proposal would fund a small group of the leading reference frame researchers in North America
today to meet regularly and work toward the common goal of developing the methodology and
procedures that could be applied routinely toward continuous improvement of SNARF. Some



of the procedures that have been developed so far (as described below) have been very
innovative, and go far beyond what could normally be achieved by an operational agency alone.
As such, the SNARF model fully embraces the need for both innovation at the development level
by leading university researchers, followed by a dedicated effort to spin off the research into a
working operational practice for benefit of both scientific researchers, and the broader geo-
spatial community in North America.

EarthScope: The “Big” Questions

Driving the design of SNARF at the highest level are the "big questions" that EarthScope is
being designed to answer. The SNARF Working Group identified four such questions:

(1) Where does the plate boundary begin, and why? What is the extent of the stable plate interior,
and how tectonically stable is the plate interior? Is the Colorado Plateau still rotating, and how
active is the Rio Grande Rift? Is Alaska rigidly attached to North America (as current empirical
evidence is weak).

(2) What is the vertical velocity field across North America? What is GIA versus tectonic? What
is the role of body forces and mantle dynamics? A deceptively simple question whose answer is
completely reference frame dependent is whether the Basin and Range going up or down?

(3) What signals are natural versus anthropogenic? What signals are due to ground fluid
withdrawal, aquifer deformation, hydrological and atmospheric pressure loading? How do we
disentangle these signals from GIA and tectonics? How do we define an unbiased reference
frame in light of these effects?

(4) How can we design geodetic products that are stable over decadal time-scales and beyond?
Will we be able to detect a 5+ year transient? Can we detect the "ghosts" of historic earthquakes?
Is tectonic activity steady state, or does it switch on and off spatially and temporally? Can we
confidently compare and understand differences between geodetic rates and geologic rates?

In terms of science benefits to EarthScope, the accurate realization of the terrestrial reference
frame in terms of scientific models (rather than arbitrary convention) will add significant
interpretive value to measured station motions. SNARF will enable a more robust determination
of changes in strain in the Earth's crust associated with the earthquake cycle, and will provide a
common framework for comparison of geodetic data and geophysical models. Defining a stable
frame at the sub-millimeter level requires adequate characterization of Earth deformation
processes across the "stable plate interior," a region that by definition is relatively unaffected by
plate boundary process. This plate interior provides a stable platform from which to view plate
boundary deformation. Despite its name, the stable plate interior actually deforms very slowly in
a complex way due to phenomena such as glacial isostatic adjustment and other mantle-scale
processes, coupled to a heterogeneous lithosphere which is occasionally host to large intra-plate
earthquakes. Until recently, such slow intra-plate processes have been ignored in the underlying
models of reference frames. The SNARF WG is addressing the many aspects of what is required
to realize a N.A. frame with sub- millimeter stability, including required observations (old and
new, geodetic and otherwise), kinematic characterization, dynamic models, possible inferences
from seismic anisotropy, reference frame theory, and also on limiting factors that will likely



control the level of stability that might be achieved in the foreseeable future.

These issues provide the scientific motivation toward providing an accurate and appropriate
reference frame for PBO. Providing the ability to answering the “big questions™ has guided the
development plan of the SNARF Working Group, and eventually the actual answering of these
questions by the EarthScope scientific community will be a measure of SNARF's success.

SNARF Development: Summary of Progress to Date
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Figure 2: SNARF 1.0 GIA velocity field derived by a data assimilation approach.



Guided by these questions and the ensuing research, the SNARF Working Group has identified
and tackled several major issues [Blewitt et al., 2005[, including

(1) the production of a GPS velocity field that is accurate (representative) and relatively dense to
select a base model for GIA,

(2) the selection of "frame sites" based on geological and engineering criteria,

(3) the selection of a subset of "datum sites" that represent the stable plate interior and will be
used to define a no-net rotation condition, and

(4) the definition of products to be distributed for general use.

Also, the SNARF Working Group made the important decision that vertical datum should in
priniciple be consistent with the international standard ITRF2000, in that the center of mass of
the whole Earth system is taken to be the origin, and the horizontal datum will differ by a
rotation rate that brings the rotation of stable North America to rest. In the first release of
SNARF 1.0, the product consists of (a) a rotation rate vector that transforms ITRF2000 velocity
components into SNARF velocities, (b) an initial reference frame, defined as a list of selected
sites, epoch coordinates, and site velocities, in the geocentric Cartesian system (X, Y, Z).
SNAREF will be adopted by PBO Data Analysis Centers which are scheduled to be in production-
mode by October 2005.

The release of SNARF Version 1.0 was announced at the UNAVCO/IRIS Joint Workshop in
June 2005 [SNARF Working Group, 2005]. The current estimated accuracy of SNARF 1.0 is
~1 mm (+30% radial / - 30% horizontal). For comparison, estimated rotations/translations (from
a nominal NA-fixed frame that does not account for GIA amounts to < 1.5 mm/yr in NA station
velocities. In terms of geodynamics that EarthScope hopes to address (for example, the "big
questions" listed above) 1.5 mm/yr is a large number, which indicates that our research into
developing SNARF was well justified.

The method adopted for SNAREF is just briefly described here for completeness. First we assume
that a given geodetic solution of GPS site velocities can be modeled by the following equation:

‘?GPS()\: ¢) = ﬁ(}IA()‘: o) + 5 x P(A, @) + 5T

which accounts for a GIA velocity field, and 6 parameters that define a global rotation and
translation vector. Thus, ideal site velocities that are given with respect to SNARF should only
include the GIA term. For now, the SNARF WG has concluded that currently there lacks a
concensus concerning the viscocity structure and ice history in GIA models. Modles for lateral
variations are even more problematic. To create SNARF Version 1.0, the SNARF WG therefore
had to address the difficult problem of how to deal with GIA, considering that many possible
GIA models can fit the currently available GPS data sets.

The innovative solution that could only have arisen from in-depth workshop discussion, was to
develop a method to "assimilate" GPS data into a GIA stochastic model. That is, a suite of
"reasonable" GIA models were pre-selected, and the ensemble prediction of site velocities at
each grid point was used to define an a priori error ellipse. This Bayesian approach avoids the



current problem of an unwarranted choice of specific GIA model at these early stages, and has
the advantage that in principle it allows for other data sets to be assimilated (for example,
campaign GPS, and non-GPS data). Moreover, the development of this methodology may serve
as a new tool for GIA scientific research, and may help guide us towards the most favorable GIA
models.

The data assimilation model starts by assuming a null-field GIA model, and adopts the Gaussian
covariance model for assimilated data:

Ajj = (w(Aig) wAjdy)y = 0> exp(-d;j2/D?)

where dj; is the angular distance between locations, D = 10 degrees, and 6 =1 mm/yr. A

Kalman filter is then used to assimilate GPS data into the a priori GIA model. Parameters that
are estimated include 6 rotation and translation parameters, and GIA velocities at n grid locations
and m GPS sites. The GIA values at the grid locations are adjusted through the covariances
calculated from the suite of model predictions. For SNARF version 1.0, n = 1537, m = 99, and
the number of parameters =4617. Thus the resulting model is GPS-observation driven (designed
not to introduce tension with the data), but uses GIA in a statistical manner to come up with a
realistic interpolation between the GPS sites (one of the problems being sparsity of data).

Workshops for a Stable North America Reference Frame (SNARF)

The SNARF Working Group of 16 core members (with others also making contributions at
various stages) has had 4 workshops since it commenced research and development in early
2004:

(1) The first workshop was held in Boulder, CO, January 27, 2004. At this workshop the
working group developed a research plan that would be required toward producing a SNARF
that would meet the stringent requirements implied by EarthScope science goals.

Representatives from both the National Geodetic Survey and Natural Resources Canada were
invited at this early stage with the idea that eventually SNARF would become part of the national
infrastructure, and so we needed to consider how to evolve SNARF from a pure research phase,
through development, and into production and maintenance phases.

(2) The second workshop was held at Montreal, Canada, during the week of the Joint Assembly
of the AGU and CGU, 17-21 May, 2004. This workshop was in two parts: (a) a special session
on SNARF was convened at the Joint Assembly for SNARF working group members to present
preliminary findings from their research on the issues identified in the first meeting, and (b) a
working group meeting was held at a Montreal hotel so that details of the research could be
discussed, and so that ideas could be presented on ways toward realizing an initial version of
SNAREF.

(3) The third workshop was held near Albuquerque, NM, March 2005, which was a time to make
hard decisions among the various options suggested by research to specify precisely how
SNARF would be constructed. At this stage, some very innovative ideas emerged regarding a
long standing problem, on how to develop a frame that accomodates glacial isostatic adjustment
(GIA) without being in conflict with current GPS measurements (see further below).



(4) A fourth mini-workshop was held at the Joint IRIS/UNAVCO Workshop in Stevenson WA,
Annual Members Meeting in June 9-11, 2005. This was an “open” meeting with the goal of
informing principle investigators on SNARF developments, and the release of the first SNARF
products, and to receive feedback on ideas suggested by the SNARF Working Group.

Now only 1.5 years into the project, an initial reference frame has been developed and publically
released, with important scientific breakthroughs made in learning how to accommodate GIA
into the SNARF model.

Proposed Workshops

The goal of this proposal is to continue research to improve and further develop SNARF, with
the eventual goal of handing off operational and regular maintenance to the joint auspices of the
US and Canadian national geodetic surveys, as part of their joint remit to maintain the "North
American Datum". Such a “volunteer” group effort can only realistically be conducted if at a
minimum travel expenses are paid for, along with the associated costs of renting a meeting room.

We request that EarthScope support a series of 4 workshops over the 2006 and 2007 calendar
years. The research of the SNARF Working Group is based on a volunteer effort and would
come at no cost to this grant. The P.I. would continue as Chair of the SNARF Working Group at
no cost to this grant. UNAVCO Inc. would absorb the cost of logistical and web-based support
within its regular funded activities for community support.

At least two of the four proposed workshops would be held in conjunction with one of the
National EarthScope Meetings, and one of the UNAVCO Members Meetings. The other two
venues will likely be in Boulder CO, and in conjunction with one of the main geophysical
conferences, such as the AGU.

This mix of venues is intentional. The two workshops held in conjuction with EarthScope and
UNAVCO meetings will provide an opportunity to hold a user's forum to educate the community
on SNARF developments and use of products, and to get feedback from users. The workshop
held in conjunction with the AGU conference will be strongly focused on research that will lead
to improvements in SNARF, and will likely include an AGU Special Session (as we did in
Montreal, 2004). The workshop held at Boulder CO will act more as a retreat away from
competing activities, and will allow for a more strategic decisions to be made.

The topics of each of the four workshops will be based largely on advances made in research,
however the general theme of each meeting will be as follows:

(1) The first workshop of 2006 will consolidate what we have learned from the experience of
developing the first SNARF, and outline a research plan toward improving the next version of
SNAREF.

(2) The second workshop of 2006 will focus on research results that can then be used to further
improvements in SNARF, and on a specific plan to produce a new version of SNARF
immediately following the meeting.



(3) The first workshop of 2007 will consider strategies to spawn off the SNARF activities into a
more routine production and maintenance mode to be conducted by the US and Canadian
national geodetic surveys (NGS and NRCan). This workshop will also assess how SNARF is
meeting the needs of EarthScope investigators, and on how to improve meeting their needs.

(4) The second workshop of 2007 will be aimed at developing a version of SNARF to be used to
benchmark future versions that would be updated and maintained by NGS and NRCan. Final
technical documentation, user's guides, and web tools will be assessed. A plan to maintain some
level of future interaction between NGS, NRCan, and the SNARF Working Group will be
developed, including a method of feedback with regard to the performance of SNARF toward
meeting the requirements of EarthScope.

SNARF workshops are not closed meetings, however this proposal would only support the
workshop travel expenses of bona-fide members of the SNARF Working Group. The initial
membership of the SNARF WG was appointed by the UNAVCO Governing Board. Since thne,
the SNARF WG has always welcomed new members who have expressed a commitment to
volunteer and devote their time to attending the workshops and participating in the development
of SNAREF. It is assumed for budgetary purposes that an average 12 WG members will attend
each workshop, and will therefore be eligible for participant support.

Dissemination of Products

As an official UNAVCO Working Group, the SNARF WG has access to the assistance of
UNAVCO Inc. administrative staff and the UNAVCO facility. Products of the SNARF WG are
disseminated by the UNAVCO web pages through the introductory URL:

http://www.unavco.org/research_science/workinggroups projects/snarf/snarf.html
Through this portal, users can find the following types of products available:

1. Workshop reports and summary papers on various aspects of SNARF.
2. Copies of workshop presentations.
3. Documentationon SNARF data products.
4. SNARF data products, including
(a) 3-d rotation vector from ITRF2000 into SNARF
(b) a table of selected sites forming SNARF, including epoch coordinates and velocities.

This web site will continue to be updated as more workshops are held and as further
improvments are made to SNARF products. As SNARF moves closer toward being adopted as
a national standard, SNARF data and products derived using SNARF will be disseminated
through web sites of the national and state geospatial agencies, including the National Geodetic
Survey, Natural Resources Canada, and the California Spatial Reference Center.

Information on products will also be disseminated during UNAVCO Members Meetings and
EarthScope National Meetings breakout session, where SNARF working group members will
generally give a presentation followed by a question and answer session. Also, more technical
aspects of SNARF research will be presented at national conferences, such as the AGU meeting.



Broader Impacts

In terms of broad impacts, the outcome of the SNARF workshops will be a published series of
incrementally improved reference frames that accurately define the precise coordinates and time
evolution of a set of stations representing "stable North America," thus enabling the broad
scientific community to realize a common, accurate reference frame for their own research
purposes. The SNARF Working Group will provide tools and products for performing model
calculations and model-data comparisons in the EarthScope reference frame. The EarthScope
initiative will significantly broaden the community using geodetic techniques to study the
Pacific-North American plate boundary. Therefore the SNARF working group will not only
develop an accurate and stable reference frame, but will also properly describe the use of that
reference frame to this larger scientific community. This has been achieved by special sessions
at AGU meetings, and at SNARF forums at UNAVCO meetings, where future users were
informed of developments by the working group, and feedback from the scientific community
was encouraged. Educational information on using the frame correctly will be made available
online.

From a national perspective, the SNARF research product will become the US and Canadian
national reference frame "NAREF" (North American Reference Frame) to supercede the current
definition of the North American Datum (NADS83). NAREF is formally a working group under
the auspices of the International Association of Geodesy. The adoption of SNARF as the future
NAREF will have profound implications for the US geospatial infrastructure, and all
govermental and commercial enterprises who depend on it, including the National Geodetic
Survey (NGS), Natural Resources Canada (NRCan) and the California Spatial Reference Center
(CSRC). (Letters of support and committment are attached).
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USA today article http://www.usatoday.com/tech/news/2004-05-17-why-earth-wobbles_x.htm
Science Daily article http://www.sciencedaily.com/releases/2004/08/040811075453.htm
Los Angeles Times article: http://www.latimes.com/news/nationworld/nation/la-sci-
briefs7.1aug07,1,106052.story?coll=la-headlines-nation
Los Angeles Daily News article:
http://www.dailynews.com/Stories/0,1413,200~20954~2334917,00.html
. Discover Magazine, interviewed for lead article “Season of Fire”, Feb. 2003.
(5) Educational book chapters and articles
. Evans, A.G., (ed.), R.W. Hill (ed.), G. Blewitt, E. Swift, T.P. Yunck, R. Hatch, S.M. Lichten, S.
Malys, J. Bossler, and J.P. Cunningham, "The Global Positioning System Geodesy Odyssey," Navigation,
Journ. of the Inst. of Navigation, Vol. 49(1), 7-34., (invited), Spring 2002.
. Blewitt, G., GPS Data Processing Methodology: From Theory to Applications, in GPS for Geodesy, p.
231-270, Eds. P.J.G. Teunissen and A. Kleusberg , Springer-Verlag, Berlin, ISBN 3-540-63661-7(1998).
. Blewitt, G., Global Positioning Satellites, in Macmillan Encyclopedia of the Earth Sciences, p. 432-
436, Macmillan, New York, ISBN 0-02-883000-8 (1998).
. Blewitt, G, Basics of the GPS Technique: Observation Equations, in Geodetic Applications of GPS, p.
10-54, ed. B. Johnson, Nordic Geodetic Commission, Sweden, ISSN 0280-5731(1997).

e. Collaborators and Other Affiliations

(i) Project Collaborators and Co-Authors on Papers and Abstracts (2001- 2005 inclusive)
D. Argus, R. Bennett, Y. Bock, E. Calais, M. Craymer, J. Davis, T. Dixon, J. Freymueller, T. Herring, D.
Johnson, K. Larson, M. Miller, G. Sella, R. Snay, M. Tamisiea , B. Wernicke, W. Holt, R. Gross, P.
Clarke, T. Van Dam, F. Amelung, J. Bell, J. Wahr, G. Taylor, W. Hammond, H.-P. Plag.
(ii) Graduate Advisor
John LoSecco, Notre Dame.
(iii) 9 Ph.D. Students Advised:
P. Davies, T. Gregorius, D. Sanli, D. Lavallee, and D. Page, at Newcastle University.
E. Hill, R. Briggs, A. Pancha, and C. Goudy at University of Nevada, Reno.
4 Postdoctoral Scholars Sponsored:
R. Kawar and K. Nurutdinov at Newcastle University.
D. Lavallee and C. Kreemer at University of Nevada, Reno.
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Budget Justification Page

Asaworkshops proposal, funds are only requested for SNARF Working Group membersto
attend 2 workshops each year for 2 years, and for associated costs for subcontracting the
use of a small conference facility. Based on an assumed aver age attendance of 12 people
per meeting, at $750 per head, travel costs per year are estimated to be $18,000.
Subcontracts for small conference facilities are estimated to be $1,000 per meeting.
UNAVCO Inc. would absorb the cost of logistical and web-based support within itsregular
funded activitiesfor community support.
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Total Award Amount: $500,100

Starting Date (MM/DD/YY): 07/01/04

Ending Date (MM/DD/YY): 06/30/07

Support Type: (Current, Pending, Submission Planned in Near Future): Current

Person Months/Year Committed to Project (Calendar, Academic, Summer, ##.##): 2.00 Calendar

Project Title: Terrestrial reference frame theory and practice for solid Earth and global change research
Source of Support: NASA

Project Location: University of Nevada Reno

Total Award Amount: $276,211

Starting Date (MM/DD/YY): 10/01/03

Ending Date (MM/DD/YY): 09/30/06

Support Type: (Current, Pending, Submission Planned in Near Future): Current

Person Months/Year Committed to Project (Calendar, Academic, Summer, ##.##): 1.00 Calendar

Project Title: Targeting potential geothermal resources in the Great Basin using geodetic strain
Source of Support: DOE

Project Location: University of Nevada Reno

Total Award Amount: $236,532

Starting Date (MM/DD/YY): 07/01/05

Ending Date (MM/DD/YY): 09/30/07

Support Type: (Current, Pending, Submission Planned in Near Future): Current

Person Months/Year Committed to Project (Calendar, Academic, Summer, ##.##): 2.00 Calendar

Project Title: Developing NASA’s space geodetic systems into an integrated, multi-scale sensor of water storage
Source of Support: NASA

Project Location: University of Nevada Reno, and Jet Propulsion Laboatory, Pasadena

Total Award Amount: $594,923

Starting Date (MM/DD/YY): 07/01/05

Ending Date (MM/DD/YY): 06/30/08

Support Type: (Current, Pending, Submission Planned in Near Future): Pending

Person Months/Year Committed to Project (Calendar, Academic, Summer, ##.##): 2.00 Calendar

Project Title: This proposal

Source of Support: NSF

Project Location: UNAVCO Inc.

Total Award Amount: $40,000

Starting Date (MM/DD/YY): 01/01/06

Ending Date (MM/DD/YY): 12/31/07

Support Type: (Current, Pending, Submission Planned in Near Future): Pending

Person Months/Year Committed to Project (Calendar, Academic, Summer, ##.##): 1.00 Calendar




FACILITIES, EQUIPMENT & OTHER RESOURCES

FACILITIES: Identify the facilities to be used at each performance site listed and, as appropriate, indicate their capacities, pertinent
capabilities, relative proximity, and extent of availability to the project. Use "Other" to describe the facilities at any other performance
sites listed and at sites for field studies. USE additional pages as necessary.

Laboratory: N/A for aworkshops proposal.
Clinical: N/A for aworkshops proposal.
Animal: N/A for aworkshops proposal.
Computer: UNAVCO Inc. will make available (at no cost to this grant) web-hosting

facilities and a webmaster to develop a portal for SNARF usersand for
disseminating information from the SNARF Working Group.

Office: N/A for aworkshops proposal.

Other: N/A for aworkshops proposal.

MAJOR EQUIPMENT: List the most important items available for this project and, as appropriate identifying the location and pertinent
capabilities of each.

N/A for a workshops proposal.

OTHER RESOURCES: Provide any information describing the other resources available for the project. Identify support services
such as consultant, secretarial, machine shop, and electronics shop, and the extent to which they will be available for the project.
Include an explanation of any consortium/contractual arrangements with other organizations.

UNAVCO Inc. will make available (at no cost to this grant) administrative
support to arrangefor travel and to arrange for subcontracting the
conference facilities needed for the proposed wor kshops.
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July 15, 2005

Dr Geoffrey Blewitt

Professor of Space Geodesy

NV Bureau of Mines & Geology, and NV Seismological Laboratory
University of Nevada, MS178

Reno, NV89557, USA

Dear Geoff,

On behalf of the California Spatial Reference Center (CSRC), I would like to express our support
for the work of the UNAVCO SNARF working group and our commitment to the development
of the Stable North America Reference Frame. SNARF is important for providing a stable
external reference frame with respect to North America for the California Spatial Reference
System (CSRS) developed and maintained by the CSRC with funding from NOAA/NGS and the
California Department of Transportation (Caltrans). As you well know, California is subject to
significant crustal deformation and land subsidence, which complicates the maintenance of a
stable reference frame for the State.

Personally, I look forward to continue to work as a member of the SNARF working group.

Sincerely,

Yehuda Bock
Director, CSRC

Cc: Don D’Onofrio (CSRC Chair), Maria Turingan (CSRC Coordinator),Mark Turner (Caltrans)

Purticipating Orgenizstions: « Americin Congress om Sarveyiag and Mapping (ACSM) = Amecown Spcisty of Photogrammetry and
Remoie Senging (ASPRE) » BAsin and Romge Ghodetic Networic (BARGEN) » Bay Area Regions] Deformatiom (BARD) » Bareau of
Land Maangemeat (BEM) » Californin Coaetal Commission (COC) » Coliforniz Depurtmeat of Witer Resoarces (2WR) # California Land
Sarveyoes Associabion (CLEA) » Californin Steie University Fresao = Cal Trms = City of Vacaville » Civil Engineers and Land Serveyars of
Californin (CEESOQLC) » County Engineers Asgocistion * ESRI » reognphicel Information Sysiems Commalbmmis » Lesgee of Colifoomiz
Sarveying Asocistions » Mstropolitan Watsr District of Scatbemn Califomnia (MWTY) » Nationa! Geodetic Swrvey (NGS) + Office of
Mamapemeat and Budpe: » Omange Coumty Surveyor's CiGics » Riverside County Flood Control and Witer Canservation Distoot = Boberl
Bein, Willinm Frosl & Assccisies + San Francisco Bay Comservation and Development Commission (BODC) » Southemn Colifommiz
Inlegraled GPS Network (SCIGN) + Sioddasd and Associstes » Univemsity of Califormia, San Dhego (ICSD) » 118, Corps of Engincers »
11.8. Geolagice] Survey (128GSE)  Utum and Regionn] Information Systems Associalion (LTRISA) «



Natural Resources Ressources naturelles
Canada Canada

July 18, 2005

Dr. Geoff Blewitt

Professor of Space Geodesy
University of Nevada, MS178
Reno, Nevada, 89557

Email: gblewitt@unr.edu

Dear Dr. Blewitt:

On behalf of both Natural Resources Canada and the International Association of Geodesy’s Sub-
Commission 1.3¢ (Regional Reference Frames for North America), I am pleased to offer our
continued support of the collaborative development of a Stable North American Reference Frame
(SNARF) together with the UNAVCO SNARF Working Group.

We believe such a reference frame will form the foundation for the evolution from the current
North American Datum of 1983 and fully expect it to eventually become a new standard for
geospatial positioning needs throughout North America.

My colleagues and I at NRCan plan to continue our collaboration with the SNARF Working
Group to implement and further improve this reference frame over the next few years. Although
our contributions are subject to the availability of our own resources and operational
requirements, we full expect to meet this commitment given the great fundamental importance of
this new reference frame.

We look forward to working with you on this project.

Sincerely,

—

v

! -
_ L,(.J; w~

Dr. Michael K ff?u:-‘nwr

Head, Geodetic Networks & Standards and
Co-Chair, IAG Sub-Commission 1.3¢

Geodetic Survey Division, Natural Resources Canada
615 Booth Street, Ottawa, ON K1A OE9

Tel. 613-947-1829, Fax. 613-992-6628

Email: craymer@nrcan.gc.ca



UNITED STATES DEPARTMENT OF COMMERCE
National Oceanic and Atmospheric Administration
NATIONAL OCEAN SERVICE

National Geodetic Survey

Silver Spring, Maryland 20910-3282

July 18, 2005

Dr. Geoff Blewitt,

Professor of Space Geodesy
University of Nevada, MS178
Reno, NV 89557

Dear Geoff,

NOAA'’s National Geodetic Survey (NGS) highly endorses the development of a stable
spatial reference frame for North America.

My NGS colleagues and I will continue to collaborate with other members of your
UNAVCO Working Group to implement the first realization of such a reference frame
and to refine this frame over the next few years.

I look forward to developing a product that will support the work of the entire geospatial
positioning community in North America.

Sincerely,
CPkel) Oy
Richard A. Snay v

Chief, Spatial Reference System Division
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