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SUMMARY

During the last year, a number of significant ntide®s related to terrestrial reference frames
were achieved. One of the most notable changéspiace on April 17, 2011, when the
International GNSS Service (IGS) adopted the IG®&ence frame, a frame defined by a
subset of 232 geocentric stations from the Intésnat Terrestrial Reference Frame
(ITRF2008) network. The IGS also adopted a nevosabsolute calibrated antenna
parameters and, consequently, slightly modifiedtjpos for 65 of the 232 stations.

The other important change to take place was itUtiieed States and is related to the
National Spatial Reference System (NSRS). On &dme6, 2011, the National Geodetic
Survey (NGS) adopted the latest realization ofj@sdetic reference frame, the North
American Datum of 1983 (NAD 83). The frame actyalbnsists of three independent frames
consistent with the rotations of three tectonidgdaand are officially known as

NAD 83 (2011), NAD 83 (MA11) and NAD 83 (PA11) resgively for the North American
plate, the Marianas plate and the Pacific platee fhree frame realizations were derived
from the recently completed NGS’ Multi-Year COR3usion in which GPS data from most

of the NGS managed CORS network and a selectedeuohltGS global tracking stations

were processed simultaneously.
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1. Introduction

Several objectives of the International Earth Rotaénd Reference Systems Service (IERS)
are to provide the International Terrestrial RefeeeSystem (ITRS), the International
Terrestrial Reference Frame (ITRF) and the Eargmtation parameters to allow
transformations between the ITRF and other geodetielestial systems. The latest
realization of the international terrestrial refeze frame is known as ITRF2008 and is
derived from several spaced-based, geodetic tegbsiguch as Global Navigation Satellite
Systems (GNSS), Doppler Orbitography and Radiojpwsitg Integrated by Satellite

(DORIS), Satellite Laser Ranging (SLR) and Very g@uaseline Interferometry (VLBI). In
addition, the International GNSS Service (IGS) &las recently adopted a new geocentric
terrestrial reference frame known as IGS08. Algiothe ITRF2008 and IGS08 frames are
compatible, the latter is based on a significamtitoution from the GPS community. The
IGS08 frame contains a subset of 232 globally-dhsted, stable and well-performing GPS
stations from the ITRF2008 network. Before a Hetrransformation to connect the two
frames could be derived, several site-specificazions such as satellite and ground absolute
antenna calibrations had to be applied to the IT®RBZoordinates of 65 IGS08 stations. The
remaining 167 1GS08 reference station coordinateshee same as in ITRF2008.

The National Geodetic Survey (NGS), the primarydgizc agency in the United States, is
one of nine IGS Analysis Centers which performgaicant contribution to the calculation
of GPS determined satellite orbits, a basic ingnetior the materializtion of ITRF and IGS
reference frames. As an example, satellite ephdeserglobal tracking station coordinates
and other pertinent metadata are usually referetoctitk latest reference frame adopted by
the IGS. There is one exception however, andishatiated to multi-year GPS data which

has been reprocessed by NGS. The most recentel@3&cessing campaign included GPS
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data from 1994 through early 2011. Orbits re-cotegwluring that period are referenced to
IGSO05 while those computed from April 17, 2011 oravare referenced to IGS08.
Ultimately, tracking station coordinates and veliesi derived from the reprocessing effort as
well as coordinates derived for newly establishatians are referenced in the IGS08 frame,
epoch 2005.00. As a result of the reprocessirgtefiGS also decided to adopt IGS08 as
the primary global reference frame to which satelphemerides and tracking stations are

referenced.

The other geodetic system of significant importaincie United States is the National
Spatial Reference System (NSRS). The latest edadiz of its terrestrial reference frame is
the North American Datum of 1983 which was adomted&eptember 6, 2011. Officially
known as NAD 83 (2011, MA11, PA11) epoch 2010.0@,c¢urrent realization is actually
defined as three independent frames. The NAD 831pframe is fixed to the North
American plate and encompasses the lower 48 siiteska, Canada and the Caribbean. The
MAL11 frame is fixed with respect to the Marianaatpland contains, among others, the
Marianas Islands while PA11 is fixed to the Pagpliate and should be used in Hawaii and a
number of other US Territories. These realizatese derived from NGS’ Multi-Year

CORS Solution in which GPS data from most of theS\@anaged CORS network and a

selected number of IGS global tracking stationsewepcessed simultaneously.

2. The IGS Network
2.1 Reference Frame Working Group

The Reference Frame Working Group of the IGSimarily responsible for designing the
network and generating the coordinates and veéscitir all the reference stations. They are
also responsible for estimating the geo-center,prdimg daily Earth Rotation Parameters
(ERP) and producing and disseminating the corredipgrcovariance information in SINEX
format. Daily solutions performed by the analysaters (ACs) are stacked in a cumulative
fashion and aligned to the current IGS realizatibthe ITRF to obtain the most accurate set

of coordinates and velocities at a specific eposk.of February 27, 2012, there were 364
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active stations in the IGS network.

2.2 Selecting IGS08 Reference Stations

A large number of IGS reference stations were use@fining the ITRF2008. However, to
derive the 1IGS08 frame, a much smaller subset Bfl&% stations were used. These stations
were picked based on velocity accuracies, the nuwitdiscontinuities, and each station’s
overall RMS of its residual time series. Some le@gwas given during the selection process
to account for the geographic distribution of stas. Figure 1 shows a map with the final

selection of the IGS08 reference frame stationsehdy the Reference Frame Working

Group.
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Fig.1. Map showing the location of the 232 refeeestations selected for defining the IGS08
reference frame. Courtesy - IGS Central Bureal, BRSA.

The subset consisted of high performing, stablgostawhose positions over time remained
close to the projected position when advanced yTERF piecewise linear velocity model.
Additional criteria used to select IGS stationsevé) having a data span greater than five
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years, 2) having at least three years of data befaliscontinuity 3) have less than five
discontinuities and 4) having less than 0.3 mm/gear in estimated velocity. In regions
where multiple stations were available, selectiwrse made based on which sites had
external clocks, multi-constellation receivers anditional collocated positioning techniques.
After reviewing the final list of candidate statgnt turned out that most provided data to a
central facility on an hourly basis. This was adfé to those who had applications requiring

near real time data access.

In 2008, there were approximately 11 IGS analysigaers (ACs) located around the World
that were planning to re-analyze all the GPS datzesl994. One of the principle reasons for
this endeavor was because of increasing velocdgagmation errors associated with the
IGSO05 reference frame. Another concern was TTRFR008 coordinates were consistent
with the igs05.atx set of ground antenna calibretibut to move forward in defining IGS08,
an updated set of absolute calibrated antenna@8(igfx) would be needed. The impact of
switching from one set of antenna calibrationsrtother was assessed by using a precise
point positioning (PPP) methodology. For mosthaf $tations that were analyzed, the impact
was negligible, with differences typically lessthlh2 mm in the East/North and 3 mm in the
Up components, but corrections were applied to IABB coordinates of 65 IGS08 stations.

2.3 Benefits to Reprocessing Data

One of several benefits to reprocessing all oGRS data was to obtain a consistent set of
products such as coordinates (positions and vedstifior all reference stations, daily Earth
rotation parameters and satellite ephemeridesh B&@cperformed their own processing and
produced a unique set of cumulatively stacked swigt each aligned to ITRF2008 via a 14
parameter similarity transformation. The final gwot was derived using a weighted
combination of solutions from all participating AC¥he new IGS08 reference frame and the
accompanying antenna calibration information wexgeld on ITRF2008 (released May 2010)
and were officially adopted on April 17, 2011.
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2.4 Transformation Parameters for the IGS08 Frame

To transform a set of coordinates defined in th80&frame to IGS08, a two step process is
required. The first step accounts for station-gppecorrections due to antenna pattern

updates when switching from igs05.atx to igsO8aatiat can be expressed by the following

x' x ox
Z, New IGS05 Z/ 16505 0z

The second step uses a 14 parameter similaritgfrlamation for the global frame change

equation:

Sdantenna

and is given by the following equation:

X x' x' x'
<y> = <y’> +T+ s <y’) +R (y’)
2716508 Z'/ New 16505 Z'/ New 16505 Z'/ New 16505

The rate of change fot y andz in the IGS08 frame can also be derived from tileviong

equation:

x x' ‘ x' (x!
y = |y + T+ sy + Ry’
z/ 1Gso08 z' Z'/ New 16505 Z'/ New 16505

New IGS05

For the above equationE,is the translation vectos,is the scale anR is the rotation matrix.
Table 1 below contains the elementsTos andR for the transformation New IGS05
IGS08. This transformation introduces significam&ieges in the station geodetic (ellipsoid)
height due to the new scale change resulting fiew@dntenna correction. In general, station
heights in the northern hemisphere will decreasagproximately 6 mm, due in part, by a
decrease in the scale of the IGS05 frame to bastens with the IGS08 frame and from the
change in the-translation. The opposite effect for station hésgvould be observed in the
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southern hemisphere.

Parameters at 2005.0 Rates of Parameters

T, mm +1.5+0.2 T,, mm/year -0.1+£0.2

T, mm +0.0+0.2 T, mm/year +0.0+0.2

T, mm +5.8 £ 0.2 T, mm/year -0.1+£0.2

s ppb -1.04 £ 0.04 s ppbl/year +0.01 £ 0.04
R, mas -0.012+0.009 R, masl/year -0.002 + 0.009
R, mas +0.014 £0.009 R, mas/year -0.003 + 0.009
R, mas +0.014 £ 0.010 R, mas/year +0.001 + 0.010

Table 1. Transformation parameters needed to cboverdinates from New IGSO05 to
IGS08.
[From Rebischung et al., 2012]

3. The National Spatial Reference System

One of the main objectives of NOAA'’s National Gebc&urvey is to define, maintain and
provide access to the National Spatial Referenste8Y(NSRS). The fundamental
components of the NSRS are latitude, longitudedggo height, orthometric height, gravity
and with extension to shoreline information. Hus tarticle however, the primary focus will
only be on the first three, which are sometimesrmflly known as the geometric
components. The latest realization of the refezdrame adopted on September 6, 2011, as
mentioned before is the North American Datum of3L88d is officially known as

NAD 83 (2011, MA11, PA11) epoch 2010.00.

3.1 The CORS Network

The CORS network managed by NGS is a multi-purposgerative endeavor involving
government, academic and private organizationsy(&nd Soler, 2008). As of February
2012, the CORS network consisted of approximatél$@ operating stations, most

contributed from over 226 different organizatiofi$ie sites are independently owned and
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operated and support numerous applications. Egahcg shares their data with NGS and
NGS in turn analyzes and distributes the datadfedarge. Some of the more prolific users
of CORS data come from the positioning and geogBystmmunities, transportation sectors,
meteorology and space weather agencies, as wietirmghe construction, mining and
petroleum and natural gas industries. Most pasitg and navigation applications are
mandated at the federal, state and local levalséahe latest NAD 83 reference frame
coordinates while those that require tying to tledagl network (geophysics, space weather)
will prefer to work with the latest IGS realizatienGS08. NGS publishes both NAD 83
(2011) epoch 2010.00 and IGS08 epoch 2005.0 caatedirfor all of the CORS.

3.2 Connecting to the Global Network

The 1GS08 global network illustrated in Fig.2 wasrarily designed to yield a robust
terrestrial framework and to allow for the produoatiof the most accurate GPS satellite orbits.
Since the network of CORS stations in the UniteateStis significantly denser than other
networks around the globe, care must be taken whsigning the connections to the IGS
reference frame stations. The global and CORSar&smwvere integrated by forming many
single baselines radiating from the global stationthe CORS (see Fig.3). This design,
regulated by a Delaunay triangulation algorithmswaplemented to minimize frame
distortions due to local effects from dense reditess stringent networks.
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Fig. 2. 1GS08 global reference frame showing optinonnections between stations.

TS02B - Geodetic Datum Il, 5679 8/14
Neil D. Weston, Tomas Soler and Dan Roman
Recently Adopted Changes to the Terrestrial Reteréimames Used in the United States

FIG Working Week 2012
Knowing to manage the territory, protect the envinent, evaluate the cultural heritage
Rome, Italy, 6-10 May 2012



60

" — A
> 7’
f AR [~
o L o 40 r-
) - .

—
-~ - N
20° . \ (/3 P
W/ -
: GI b I+CORS
0 = _ - I I ——_— —
190 200 210 220 230" 240 250 260 270 280 290 310 320

Fig. 3. Integration of global and CORS networksoas North America. Global IGS08
stations often connect in a radial configuratiomi@any CORS.

3.3 Processing CORS Data

One of the most resource-intensive operations & MGhe daily processing of GPS data
from the CORS network. The primary purpose of #ffert is to compute a set of
coordinates for each CORS, add the derived coaeBransecutively to the time series and
then compare the results with previous position&veld over time. If the coordinates for the
CORS deviate from the mean or accepted positiom ¢pecified tolerance, the site is flagged

for further analysis and review.

A second set of analyses takes place a week h#atata are collected where all CORS are
processed together with many of the IGS referetat®as in North America. The RINEX
files from the CORS are processed in the globah&asing absolute antenna calibrations,
reprocessed orbits, Earth orientation parameters MGS and global station coordinates
from the IGS. The daily CORS solutions are “statketo a weekly SINEX format file
where thex, y andz coordinates and their full variance-covariancerimfation for each CORS

are preserved.
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3.4 Multi-Year Processing Using CATREF

The objective of the Multi-Year effort was to repess all GPS data collected from the CORS
and IGS networks since 1994.0. The first step diel to review previously computed
weekly SINEX solutions from 1994.0 to 2010.5 tontify discontinuities in the time series
such as those caused by physical events (earthgjumkesidence), equipment changes or
jumps due to software and model changes and to sakeall CORS were tied to the global
frame. The next step would involve stacking thekiy SINEX files using the CATREF
software from the Institut Géographique Nation&@Nl). The stacking procedure used
unbiased Helmert transformation parameters to &@Bg® stations, common to all SINEX
solutions, to the ITRF2008 frame. ITRF2008 to I@0sition corrections were then applied
at several stations to account for absolute antealilaration changes with certain antennas.
The final step was to run the CATREF program talpoe a SINEX solution file, containing
new IGS08 positions, velocities and variance-c@rare information for all CORS and IGS

stations.

3.5 Impacts from the Multi-Year Solution

The results from the Multi-Year solution showedttha significant impact to the NGS
derived reference frame was observed when datatlie@ORS was added to the solution.
The transformation from the global frame (IGS08)He global frame plus CORS was
essentially zero - all Helmert transformation pagéers were zero. For cases where there
were station coordinate differences, most werevbdld mm along the horizontal components
and up to 25 mm for the vertical direction and wanabably due to weaker portions of the
reference frame prior to 1997, and inaccuracigkanvelocities for a number of sites in
certain areas. The average differences betwestasilbns used in the alignment of IGS08
reference frame with the one produced by NGS uSIWGREF, when including all the
CORS, was 0.00 = 0.12 mm for the east componed®,©£0.19 mm for the north component
and 0.05 = 0.41 mm for the up component.
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3.6 New NAD 83 Positions

The official adoption of the IGS08 reference frameompatible with the ITRF2008. There
are slight differences where some of the coordgateseveral reference stations were updated
to account for changes to the absolute antennlaratibn patterns. However, the IGS
considers the 14 parameter transformation betwEef2008 and IGS08 to be the identity
function — all transformation parameters are zEwthermore, the transformation from

IGS08 to NAD 83 is also assumed identical to taegformation from ITRF2008 to NAD 83.

A 14 parameter similarity transformation was therefused to define the relationships
between ITRF2008 epoch 2005.00 and NAD 83 (2014¢leR2010.0 coordinates. The
equations below were used to compute new NAD 88dioates for all CORS at the
completion of the Multi-Year effort. The NAD 83leeities, on the other hand, are
essentially zero by definition because the thragepl(North American, Pacific, Marianas)
move as a whole and individual points on the platesassumed to be fixed at a specific
epoch. The full equations including the variatianth respect to time of the seven
parameters are available at (Soler and Snay, Z¢e@rson and Snay, 2012)

X(O)napsz = Ty (O) + [1+s(®)] - x(t)irrF2008 T W2(t) - Y()1TRF2008 — Wy () - Z(t)I1TRF2008

Y napss = Ty () — w,(t) - x(O)17rF2008 + [1 + 5] YO 17RF2008 + ©x(t) * Z2(t) 1TRF2008
z()napsz = T, (£) + wy (t) - x(O) 1rrF2008 — Wx () * Y(O)17RF2008 + [1 + 5(O)] - 2() 17RF2008
For the equations given abovg, T, and T, are the translational components along the three
ITRF2008 orthogonal axes, , w, and w, are the rotations about the same axessghes

the differential scale factor. The numerical esdor the parameters to use in the

transformation equations to obtain any of the NADr@&alizations are given in Table 2.
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Parameter ITRF2008->NAD 83 ITRF2008->NAD 83 (MA11) ITRF2008->NAD 83 (PA11)

T, m +0.99343 +0.908 +0.908
T, m -1.90331 -2.0161 -2.0161
T, m -0.52655 -0.5653 -0.5653
s ppb +1.71504 +1.1 +1.1
w, Mas +25.91467 +28.971 +27.741
w, Mas +9.42645 +10.42 +13.469
w, Mas +11.59935 +8.928 +2.712

Table 2. Transformation parameters to convertaioates from ITRF2008 to NAD 83.

[From Pearson and Snay, 2012]

4. Conclusion

There are a number of things to consider when bwmgcto IGS08 and the accompanying
new antenna calibration information. First, thestnmportant change will be to each
station’s position due in part by the global effeta datum change in going from ITRF2005
to ITRF2008. Depending on a station’s latitude ahéch hemisphere it is in, a station’s
height could differ by as much as £6 mm. There aldo be station-dependent changes due
to the antenna if the antenna pattern for thehsittan updated calibration pattern. To
transform a set of coordinates from IGSO05 to IGSB8 first step must account for
corrections to include IGS05 offsets from the gbantenna calibration update (igs05.atx to
igs08.atx). The second step will consist of twgphdameter similarity transformations to
obtain the positions and rates at the station.

New NAD 83 positions for the CORS in the Unitedt&savere also made available on
October 6, 2011. The changes between the two, RAQRCORS96) epoch 2002.0 and

NAD 83 (2011) epoch 2010.0 are primarily due tauenber of factors. The first is that eight
more years of data became available for analysmther concern became evident when
predicted positions were computed using modeldth{ated) velocities to advance a set of
positions at a published epoch to a new epoch.idlens between computed and predicted
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positions usually occur when the period betweerpth@ished and new epoch is large, for
example 8 or more years, or if the velocities useadvance the positions are not accurate
and do not reflect what geophysical phenomena@rerong at the CORS or region of
interest. Last but not least, new improvementss@rocessing software (e.g. improved

ocean loading models, etc.) should not be discarded
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