PBO Level 2 Product Generation
1. Introduction

The generation of the GPS level 2 products is carried out in two stages. In stage 1, the analysis
centers (ACs) at Central Washington University (CWU) and Berkeley Seismological Laboratory
(BSL) process GPS phase and pseudorange data to generate estimates of the coordinates of the
stations averaged over the 24-hour duration of the data in the daily processing. The models used
in this processing are given for each of the ACs in Tables 1 and 2. In these analyses, the GPS
satellites orbits are fixed either to the orbits generated by the Jet Propulsion Laboratory (JPL)
(CWU analysis) or the International GPS service (BSL). The CWU analysis also uses the JPL
clock products. In stage 2 of the analysis, performed by the Analysis Center Coordinator (ACC),
the results from the ACs are aligned to the PBO realization of the Stable North America
Reference Frame (SNARF). In this frame, motions of sites on stable North America are due
solely to glacial isostatic adjustment (GIA). The AC results are also combined and the combined
analysis (denoted pbo) aligned to this same frame. The standard PBO position and velocity
results are the combined, frame-realized product. The product AC and ID are pbo and either
final frame or rapid frame depending on the age of the data. (Final products are not available
until 6 to 13 days after data collection; rapid results are available with 1-day latency). Products
are made available in SINEX format and a plain text files.

2. Analysis Characteristics

The station coordinates estimated by the ACs are not referred to any particular reference frame:
They can be rotated and translated (to some extent) to align them with a reference frame chosen
for PBO products. The station coordinates in the BSL products are loosely constrained and the
loose SINEX files have large standard deviations for the coordinates (approximately 0.5 meters).
The covariance matrix for the BSL has rotational uncertainty and because of the relative small
aperture of the network relatively large translational uncertainty (~50 mm). The CWU loose
sinex files are determined by point positioning in which clocks and satellite orbits are assumed
perfectly known, however the reference frame for the orbits in not well determined. The
standard deviation of the coordinates in the CWU "loose" sinex files are very small and reflect
the uncertainty in a well defined reference frame. In the analysis of the CWU sinex files, a 1-
meter translation and 0.3-meter rotational uncertainty covariance matrix is added to the CWU
sinex file to covariance to allow the coordinates to rotate and translate into different reference
frames.

The basic models used by both PBO ACs are consistent with IGS analysis standards with one
major exception. BSL is using the adopted IGS values for the positions of the phase center of
the transmission antenna on the satellite relative to the center of mass of the satellite. CWU is
using the values adopted by JPL that differ from the IGS ones by 63 cm in the Z-component
(radial) for Block IIR GPS satellites. This difference in the models introduces scale differences
between the BSL and CWU solutions of about 2.5 parts-per-billion that needs to be accounted
for when the BSL and CWU results combined. In the PBO product generation, scale is explicitly



included in the estimated parameters, with different scale estimates for the BSL and CWU
analyses.

In PBO analyses, rotations, translations and scales are estimated and the final values of these
parameters set to best align the PBO daily and long-term results with the PBO realization of the
SNAREF reference frame. For PBO daily analyses, SNARF is realized by aligning with the
positions of 130 stations in North America (127), Eastern Russia (1) and central Pacific (2). The
distant stations serve to maintain the orientation of the daily reference frame realizations. The
list of sites used in the daily realization is given in Table 3. Their locations are shown in Figure
1. The position and velocities of these sites are taken from pbo.final frame.vel.

The PBO reference frame itself is determined from a Kalman filter combination of all finals
sinex files from BSL and CWU for the period between Jan 1, 2004 (GPS week 1251, day 4) and
August 27, 2005 (GPS week 1337 day 6) in which the position and velocities of all sites were
estimated. The velocity and positions of the 13 IGb00 reference sites listed in Table 4 were used
to align the frame with the SNARF reference frame. These locations are also shown in Figure 1.

In all the frame alignments, only rotations, translations and scale are estimated and therefore the
internal geometry and evolution of the station positions is retained in the transformations. The
current reference frame definitions will be retained until the next large re-analysis that is
expected early 2006 when the IGS adopted new absolute antenna phase center models for both
ground and space antennas.

3. AC SINEX file weighting

The BSL and CWU ACs use different models for the phase noise in the GPS processing and
different decimation factors. These differences are accounted for multiplying the covariance
matrices from the two center's SINEX by factors that make the chi-squared per degree of
freedom fits to the PBO reference frame near unity (on a daily basis) for the two centers. The
estimated factors derived by averaging results from the first 18 months of data analysis are 0.7
for BSL and 4.8 for CWU. When the results from the two centers are combined, these factors
are doubled so that the standard deviations of the position estimates from the combined analysis
are similar to those from the individual centers.

4. Product Time Tables

The PBO rapid analyses are performed with 1-day latency. The generation of these products
takes place when the IGS rapid orbits become available. Generally, the analysis is completed
near 0 hrs UT for the previous day of data (i.e., the products are ready 18 hrs EST). The final
products are generated weekly when the IGS final orbit for the week becomes available.
Usually, these orbits are ready by Friday each week for the GPS two weeks before. The latency
of the products varies between 14 to 20 days depending on which day of the week the GPS data
were collected.

In the event on an earthquake in the PBO area of sufficient size to displace stations by more than
1 mm, a "position-offset" product for the effected sites will be generated using the last full day of



data before the earthquake and first full day of data after the earthquake. There will be no
position estimates for the effected sites on the day of the earthquake. The position-offset
products will be generated from the rapid solution with a maximum 48-hour latency. Offsets
will only be available for sites operating the day before and the day after the earthquake.



Table 1: Central Washington University Processing Strategy

PLATE BOUNDARY OBSERVATORY
CWJ Processing Specifications

Anal ysi s Center Central Washington University Geodesy Lab

Dept. of Ceol ogi cal Sciences
Central Washington University
400 University Wy

El | ensburg, WA 98926

Phone: ++ 1 509 963 2799

Fax: ++ 1 509 963 1109
Cont act Person(s) Ti m Mel bour ne e-mail: tim@eol ogy. cwi. edu
phone : ++ 1 509 963 2799
Marcel o Santillan e-mail: marcel o@eol ogy. cwu. edu
phone : ++ 1 509 963 1108
Craig Scrivner e-mail: scrivner @eol ogy. cwi. edu

phone : ++ 1 509 963 1446

onservabl e RAPI D: non-di fferenced estimates of ionosphere-free
conbinations of L1 and L2 carrier phase (point-
positioning, see Zunberge, (1997).

FI NAL: Doubl e-di fferenced, ionosphere-free conbination
L1, L2 carrier phases. Pseudoranges are used only
to obtain receiver clock offsets and in anbiguity
resol ution.

Dat a wei ghti ng Sigma on doubly difference LC phase: Site and el evation
dependent based on iterated anal ysis.
Cl eani ng at 30-second rate.
Sanpling rate: 5 minutes

El evation angle cutoff : 15 degrees

Data Editing Cycles slips detected and fi xed.

Unresol ved cycle slips estinmated in solution

Iterative editing using sequential slip deletion while
slips exceed RVS

RHC phase Phase pol ari zation effects applied (Wi et al, 1993)
rotation corr.

Ground antenna El evat i on- dependent phase center corrections are
phase center applied according to the nodel 1GS 01 and info. 003
calibration These corrections

are given relative to the Dorne Margolin T antenna.




Tr oposphere

Ti dal

At mospheri c
| oadi ng

Thi rd- body

A priori zenith delay: nonminal constant; 2-hour piece-
wi se linear function estimated, 1 NS and EW gradi ent
per day.

Mappi ng functions: (N ell, 1996)
Not nodel ed (i onosphere elim nated by form ng the
i onosphere-free |linear conmbination of L1 and L2).

Solid earth tidal displacenent:
constant Love numnber tides
frequency dependent radial tide (K1)

Pole tide: Applied to Mean | ERS pol e position

| ERS Bulletin B plus diurnal and sem diurnal variations
inx,y, and UT1 nodels (EOP) R Ray [1995], |ERS
Tech. Note 21 [1996]

Satellite center Sat. Phase centers hardwired into G PSY R4. Val ues can

be found at # \

satellites. Values used are:

Bl ock | X,¥,z: 0.2100, 0.0000, 0.8540 m
Of MASS | s e oo
correction Block II/I1AX,y,z 0.2790, 0.0000, 0.09679 m

Block IIR X, Y, Z 0. 0580, -0.0680, -0.06300 m
Satellite phase Not applied
center cali brat
Rel ativity Rel ativistic corrections applied
corrections
GPS attitude Yaw conput ed usi ng nodel of Bar-Sever (1996), using
nodel nom nal rates or estimates supplied by JPL

ORBI T MODELS
CWJ USES STANDARD JPL RAPI D AND FI NAL SATELLI TE ORBI TS




Sol ar radi ation
pressure

Tidal forces

Nurer i cal
I ntegration

Station

coor di nat es

bi as

Recei ver cl ock
bi as

O bital
paraneters

| onospheri c
correction

Anmbi gui ty

A priori: nomnal bl ock-dependent constant direct
accel eration; corrections to direct, y-axis,
and B-axis constant and once-per-rev terms
esti mated

Solid earth tides: frequency i ndependent Love
nunber K2= 0. 300

Ccean tides: None

Applied (I ERS 1996, Chapter 11, Egn.1)
Adans- Moul ton fixed-step, 11-pt predictor-corrector
wi th Nordsieck variable-step starting procedure
(see Ash, 1972 and references therein)

Integration step-size: 75 s; tabular interval: 900 s

Square-root information filter with snoothing of

term nal estimte backwards through tinme over all data
16 networks of ~20 stations per network, dynamically
updated daily as PBO expands. 2 conmon

sites between networks. Weak constraints applied to
site coordinates.

Standard JPL Satellite clocks error estimates are used

Initial Position and Velocity (I1C) plus 9 radiation-
pressure terns: constant and sin/cos once-per-rev terns
for a direct,y-axis, and b-axis acceleration. |1Cs
estimated each day. Radiation paraneters treated as
random wal k with process noi se based on i ndependent
daily estimates. ICs fixed to IGS Final orbit val ues.

Pi ece-wi se linear function in zenith delay estinated
once per 2-hr for each station constrained by random
wal k process to 5e-8 km'sqrt(sec); one NS and one

E- Wgradi ent paraneter per day for each station

Not estimated (first-order effect elininated by |inear
conbi nati on of L1 and L2 phase)

Resol ution attenpted for all baselines but resolving
Mel bour ne- Webena W del anes for L2-L1 using pseudo-




ranges with differential code biases applied, and then
L1 from geodetic solution using ionosperic free
observabl e.

Earth Orient. Pole X/'Y and their rates, and UT1l rate esti mated once
Par amet ers (EOP) per day.

GPS attitude Not esti nat ed

nodel

Inertial Ceocentric; nean equator and equi nox of 2000 Jan 1
at 12:00 (J2000.0)

Terrestrial | | TRF2000, No constrai ned sites coordi nates.

I nt er connecti on Precession: | AU 1976

Nut ati on: | AU 1980
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Table 2: Berkeley Seismological Laboratory processing strategy

PLATE BOUNDARY OBSERVATORY
BSL Processing Strategy Sunmary

Anal ysi s Center Ber kel ey Sei snol ogi cal Laboratory (BSL)

215 McCone Hal |
University of California
Ber kel ey, CA 94720-4760
Phone: ++ 1 510 642 3977

Fax: ++ 1 510 643 5811
Cont act Person(s) Mar k Murray e-mai |l : nmhnurray@ei sno. ber kel ey. edu
phone : ++ 1 510 642 2601
Dougl as Neuhauser e-mail: doug@ei sno. berkel ey. edu
phone : ++ 1 510 642 0931
Bar bara Ronanowi cz e-mai |l : barbara@ei sno. ber kel ey. edu

phone : ++ 1 510 643 5690

Sof tware Used | GAMT v. 10.2, GOBK v. 10.2, devel oped at M T/SIO

observabl e Doubl y differenced, ionosphere-free conbination of L1
and L2 carrier phases. Pseudoranges are used only
to obtain receiver clock offsets and in anbiguity
resol ution.
Dat a wei ghti ng Si gma on doubly difference LC phase: Site and el evation
dependent based on iterated anal ysis.
Cl eaning at 30-second rate
Sanpling rate: 2 mnutes
El evation angle cutoff : 10 degrees
Data Editing Cycles slips detected and fi xed.
Unresol ved cycle slips estimated in solution
Postfit editing using 4 tines RVS del etion

RHC phase Phase pol ari zation effects applied (Wi et al, 1993)

rotation corr.

Ground antenna El evat i on- dependent phase center corrections are

phase center applied according to the nodel 1G5 01. The corrections

calibrations are given relative to the Dorne Margolin T antenna

Tr opospher e A priori zenith delay: nominal constant; 2-hour piece-
wi se linear function estimated, 1 NS and EW gradi ent
per day.




| onosphere

Ti dal

At mospheri c
| oadi ng

Satellite center
of mass.
correction

Satellite phase
center calibrat

Rel ativity
corrections

GPS attitude
nodel

Thi rd- body

Sol ar radi ation
pressure

| Not nodel ed (ionosphere elininated by forming the
| ionosphere-free |linear conbination of L1 and L2).

Solid earth tidal displacenent:
constant Love nunber tides
frequency dependent radial tide (K1)

Pole tide: Applied to Mean | ERS pol e position

| ERS Bulletin A plus diurnal and sem diurnal variations

inx,y, and UT1 nodels (EOP) R Ray [1995], |ERS
Tech. Note 21 [1996]

Bl ock | X,¥,z: 0.2100, 0.0000, 0.8540 m
Block I'I/I1A X,y,z: 0.2790, 0.0000, 1.0230 m
Block IIR X,y,z: 0.0000, 0.0000, 0.0000 m

Not applied

Rel ativistic corrections applied

Yaw conput ed usi ng nodel of Bar-Sever (1996), using

nom nal rates or estimates supplied by JPL

Epheneris: CfA PEP NBODY 740
‘@Wun = 132712440000 knt*3/sec**2
‘GMmon = 4902.7989 knt*3/sec**2
| Apriori: nomnal block-dependent constant direct

accel eration; corrections to direct, y-axis,
and B-axis constant and once-per-rev terms
estimated (Beutler et al., 1994,

Springer et al. 1998)

Satellite attitude nodel not applied




Tidal forces

Nurreri cal
I ntegration

Station
coor di nat es

bi as

Recei ver cl ock
bi as

O bi tal

par anet er s

| onospheric
correction

Earth Orient.
Par amet ers ( EOP)

GPS attitude
nodel

Solid earth tides: frequency i ndependent Love
nunber K2= 0. 300

Ccean tides: None

Applied (I ERS 1996, Chapter 11, Egn.1)
Adans- Moul ton fixed-step, 11-pt predictor-corrector
wi th Nordsieck variable-step starting procedure
(see Ash, 1972 and references therein)

Integration step-size: 75 s; tabular interval: 900 s

11 networks of ~38 stations per network. 2 common
sites between networks. Weak constraints applied to
site coordinates.

Initial values fromlinear fit to Broadcast enpheneris.
Val ues estimated during data cleaning.

Initial Position and Velocity (IC) plus 9 radiation-
pressure terns: constant and sin/cos once-per-rev terns
for a direct,y-axis, and b-axis acceleration. 1Cs
estimated each day. Radi ation paraneters treated as
random wal k wi th process noi se based on i ndependent
daily estimates. ICs fixed to IGS Final orbit val ues.
Pi ece-wi se linear function in zenith delay estinated
once per 2-hr for each station constrained by a
randomwal k process to 20misqgrt(hr); one N-S and one
E- Wgradi ent parameter per day for each station
constrained to 10 mmat 10 deg el evation angle

Not estinmated (first-order effect elinminated by |inear
conbi nati on of L1 and L2 phase)

Resol ution attenpted for all baselines but resol ving
Mel bour ne- Webena W del i nes for L2-L1 using pseudo-
ranges with differential code biases applied, and then
L1 from geodetic solution using ionosperic free
observabl e.

Pole X/'Y and their rates, and UT1l rate estinated once
per day.




Inertial | CGeocentric; mean equator and equi nox of 2000 Jan 1
| at 12:00 (J2000.0)

Interconnection | Precession: | AU 1976

| Nutation: | AU 1980
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Table 3: 4-character codes of the sites used in the PBO daily frame definition.

AGMI' BAMO BBRY BEMI' BEPK BI LI Bl LL BKAP BKMS BLW2 BMHL BRMJ BSRY
BVPP CAST CAT1 CAT2 CCCC CDMI CEDA CHVSE Cl RX CNPP COPR CORV CRHS
CRRS CRUl1 CSCI CSST CTDM CTMsS DRAO DUBO ECCO ECFS ECHO EDPP ELKO
EWPP FERN FGST FLIN FMWT FOOT FRED GARL GLRS GVRC GNPS GOSH GTRG
HCWN HEBE HNPS HVYS |1 D2 KELY KOD1 KTBW LAPC LDES LDSW LEW LFRS
LKCP LNMI' LORS MAT2 MAUI MDOL M Gl MKEA MLFP MPWD MJUSB NBPS NEWP
NHRG NLI B NRC1 OPBL OPCL OPCP OPCX OPRD ORES ORMI P474 P562 P584
PABH PBPP PHLB PPBF PVRS RAMI RDMI' REDM RSTP RUBY SBCC SCO0 SCI A
SDHL SEAT SFDM SHIN SHLD SHOS SLMs SMEL SNI'1 SOMI SPI C SPMS SRS1
THCP THU3 TA'Y TONO TUNG UPSA USGC VDCY VI Ml VNCX WGPP W LL WOMT
YELL

Table 4: 4-character codes of the IGb0O stations used to align the PBO reference frame the
SNARF position and velocities.

ALGO BI LI CHUR DRAO DUBO FLI N GODE GOLD KELY MDOL MKEA NLI B NRC1
PIE1l SCH2 STJO THU3 WES2 YELL

Figure 1: Locations of PBO Reference frame sites (yellow squares) and the IGbO0 North
America reference sites (red circles). Not shown on the plot is BILI (166.4 deg longitude, 68.1
deg latitude)



