J Geod
DOI 10.1007/s00190-009-0304-7

ORIGINAL ARTICLE

Precise geodesy with the Very Long Baseline Array

Leonid Petrov - David Gordon - John Gipson -
Dan MacMillan - Chopo Ma - Ed Fomalont -
R. Craig Walker - Claudia Carabajal

Received: 1 June 2008 / Accepted: 26 January 2009
© Springer-Verlag 2009

Abstract We reporton aprogram of geodetic measurement$ Introduction

between 1994 and 2007 which used the Very Long Baseline

Array (VLBA) and up to ten globally distributed antennas. The method of very long baseline interferometry (VLBI),
One of the goals of this program was to monitor positions oPrst proposed biMatveenko et al(1969), is a technique of
the array at a 1 mm level of accuracy and to tie the VLBAcomputing the cross-power spectrum of a signal from radio
into the international terrestrial reference frame. We describeources digitally recorded at two or more radiotelescopes
the analysis of these data and report several interesting geequipped with independent frequency generators. This spec-
physical results including measured station displacementsum is used in a variety of applications. One of the many
due to crustal motion, earthquakes, and antenna tilt. In termsays of utilizing information in the cross-power spectrum
of both formal errors and observed scatter, these sessions aseto derive a group interferometric delayakahashi et al.
among the very best geodetic very long baseline interferon200Q Thompson et al. 20011t was shown byShapiro and

etry experiments.
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Knight (1970 that group delays can be used for precise geod-
esy. The brst dedicated geodetic experiment, on January 11,
1969, yielded 1 m accuraci{nteregger et al. 1932In the
following decades VLBI technology Rourished, sensitivities
and accuracies were improved by several orders of magni-
tude, and arrays of dedicated antennas were built. Currently,
VLBI activities for geodetic applications are coordinated by
the International VLBI Service for Geodesy and Astrometry
(IVS) (SchlYter and Behrend 2007

Among dedicated VLBI arrays, the Very Long Baseline
Array (VLBA) (Napier et al. 1994 0of ten 25m parabolic
antennas spread over the US territory (Fiyis undoubt-
edly the most productive. The VLBA is a versatile instrument
used primarily for astrometry and astrophysical applications.
All ten VLBA antennas have identical design (F&). They
have an altitude-azimuth mounting with a nominal antenna
axis offset of 2,132mm. Slewing rates aré 1s°! in azi-
muth and &6 s> in elevation. Permanent GPS receivers
are installed within 100m of bve antennas;-viba ,
mk-viba , nl -vlba , pietown, andsc-viba .

Phase referencing for detection of weak radio sources and
for proper motion and parallax measurements are used in
about half of all VLBA sessions. Accuracies on the order of
10microarcseconds using source-to-calibrator separations of
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Fig. 1 Positions of the antennas of the Very Long Baseline Array

Fig. 2 The VLBA stationpietown is in the background. The perma-
nent GPS receivaielis in the foreground

source catalogs and the Earth orientation parameters (EOP).
A future goalis to improve on this accuracy by a factor of 2 or
more. To achieve 10 microarcsecond accuracy on a 4,000 km
baseline, a delay accuracy after calibration of 0.2mm or
0.6 ps is required for any effects that cannot be reduced by
integration. Phase referencing over asburce-to-calibrator
separation reduces model errors by a factor of 57, requiring
the model parameters to be accurate to around 1cm. Higher
accuracies are desired to deal with the cumulative effect of
several model parameters, to meet future goals, or to allow
larger source-to-calibrator separations.

Use of the Global Positioning System (GPS) can provide
very high quality time series of site positions. Averaging
these time series over several years can provide sub-mm esti-
mates of thehase center positions of the GPS antennas, but
this precision cannot be transferred to tlagerence points
of the VLBI antennas for several reasons. First, measure-
ments of the tie vector between the GPS phase center and the
reference point of a radiotelescope introduce an additional
uncertainty at a level of 3mm or higher. Second, system-
atic errors of the GPS technique, such as phase center varia-
tions, multi-path, scale errors, and orbital errors, may cause
biases in measurement of the phase center at a level of tens
of mm. Third, a nearby GPS receiver may not experience
the same localized effects as the VLBI antenna, such as set-
tling or tilting of the support structure. AccordingRay and
Altamimi (2005 Table 4 in their paper), the root mean square
(rms) of differences between coordinates of VLBI refer-

around 1 are achieved in the best current observations. Sucéince points derived from analysis of VLBI observations and
accuracies need to be supported by the underlying geomdtom analysis of GPS observations plus ties measure-
ric model and its input parameters, including the station andhents among 25 pairs of GPS/VLBI sites are 6 mm for the
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horizontal components and 13mm for the vertical compoTable 1 The range of frequencies in the observing session of
nents after removal of the contribution of 14 Helmert trans2007.08.01, in MHz
formation parameters btted to the differences.

o " IF1 2232.99 2240.99
The best way for determining positions of the antenna ref- 2 926299 927099
erence points is to derive them directly from dedicated geo- 3 2352'99 2360'99
detic VLBI observations on the VLBA array. Uncertainties ' '
of better than 1 mm are easily achieved. Since the motion of IF4 2372.99 2380.99
these antenna reference points cannot be predicted precisely, IFS 8405.99 8413.99
geodetic observations need to be repeated on a regular basis IF6 8475.99 8483.99
IF7 8790.99 8798.99

in order to sustain that high precision.
The importance of precise position monitoring was rec- IF8 8895.99 8903.99

ognized during the design of the VLBA and each antenna

began to participate in geodetic VLBI observations soon after

it was commissioned. Between July 1994 and August 2007, ) )

there were 132 dedicated 24-h dual band S/X VLBI sessions VLBA geodetic observations use the dual frequency S/X

under geodesy and absolute astrometry programs with a rafé®de, observing simultaneously at S and X bands, centered

of 6924 sessions per year. During each session, all ten VLB&CUNd 2.3 and 8.6GHz. This is enabled by a dichroic

antennas and up to ten other geodetic VLBI stations particiMmor permanently positioned over the S band receiver,

pated. In this paper we present the geodetic results from thf§€cting higher frequency radiation towards a deployable

campaign. In Sec2 we describe the goals of the observa- relRector leading to the X band receiver. The system equiva-

tions, scheduling strategies and the hardware conbguratiolgnt Bux densities (SEFD) of VLBA antennas are in the range
In Sect.3 we describe the algorithm for computing group ©f 350D400Jy when using the dual-frequency S/X system.
delays from the output of the FX VLBA correlator and vali- From each receiver, four frequency channels 4MHz wide

dation of the post-correlator analysis procedure. The resulfé€fore April 1995 and 8 MHz thereafter, were recorded over
and the error analysis are presented in Secgds. Con- & large spanned bandwidth to provide precise measurements
cluding remarks are given in Seét. of group delays. The sequence of frequencies (called IF) was

selected to minimize sidelobes in the delay resolution func-
tion and to reduce adverse effects of radio interference. The
sequence was slightly adjusted over the 14-year period of

The primary goal of these geodetic VLBI observations Wa@bsgrvations in accordance with changes in 'Fhe interfergnce

to derive an empirical mathematical model of the motions O]envwonmen'g The frequerjcy sequence used in the session of

the antenna reference points. The antenna reference poim%907'08'01 is presented in Taldle

the projection of antennaOs moving axis (the elevation axis

for altitude-azimuth mounts) to the bxed axis (the azimutha®-1 Scheduling

axis for altitude-azimuth mounts). This mathematical model

can be used for reduction of astronomical VLBA observaAmong the 132 observing sessions, 97 can be characterized

tions as well as for making inferences about the geophysica@s global geodetic sessions and 35 as absolute astrometry

processes which cause this motion. A secondary goal wggssions. They differ in scheduling strategy. A wider list of

to estimate the precise absolute positions of many compadP0P250 sources was observed in each astrometry session

radio sources not previously observed under absolute astrohile a shorter list of 100 objects was observed in each

etry programs, for use as phase referencing calibrators. Oth@godesy session.

goals, not discussed here, include monitoring a list dD0

selected sources and producing time series of source coordi-I./ Scheduling of astrometric sessions

nate estimates and images for improving the source position

catalog (Fey et al. 2009, paper in preparation) and for studyFwo lists of sources were observed in astrometry sessions:

ing source structure changérfer et al. 2007Kovalev etal.  a list of 150D200 target sources and a list of 30D80 tropo-

2008. spheric calibrators. Selection of tropospheric calibrators was
The observing sessions were typically 24 h long. The radid®ased on two criteria: (a) the compactness at both X and S

sources observed were distant active galactic nuclei at digand, i.e. the ratio of the median correlated 3ux density at

tances of a gigaparsec scavith continuum radio emission baselines longer than 5,000 km to the median correlated Rux

from regions of typically 0.1D10milliarcsecond in size. density at baselines shorter than 900 km, must be greater than

0.5; (b) the correlated Bux density at baselines longer than
1 1 Gigaparsec 3.2x 10° lightyears 3x 10?°m. 5,000 km must be greater than 0.4 Jy at both X and S bands.

2 Observing sessions
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These sources are frequently observed in other IVS geodetic
programs.

Targetsources were scheduled for 1B3 scans, i.e. the period
of time when antennas are on source and record the data, in
a sequence that seeks to minimize slewing time needed for
pointing all antennas to the next source. In the astrometry
sessions, normally all antennas simultaneously observe the
same object for the same duration. Scan durations were deter-
mined on the basis of the predicted correlated Bux density and
the SEFDs to get SNRs of the multi-band fringe amplitude
greater than 20. The typical scan durations were 40D480s.

The sequence of target sources was interrupted every 1.5h,
to observe 3B5tropospheric calibrators. The tropospheric cal-
ibrators were scheduled in such a way that at each station, at
least one calibrator was observed in the rangdd qf20 ]
elevation[20 , 50 ] elevation, and above 5@levation. The 3.
purpose of including tropospheric calibrators was (a) to reli-
ably estimate the zenith path delay of the neutral atmosphere
in the least squares (LSQ) solution, and (b) to link the posi-
tions of new or rarely observed target sources with those of
frequently observed calibrators. Astrometric schedules were
prepared with the NRAO software package SCHED. The
efbciency of these schedules, i.e. the ratio of time on source
to the total time of the observing session is typically0%.

2.1.2 Scheduling of geodetic sessions

The geodetic sessions involved5D20 geographically dis-
persed antennas with varying sensitivities. At any given time,
few sources, if any, are visible by the entire network. Hence,
in contrast to the astrometric sessions, at any instant differ-
ent subsets of antennas will be observing different sources,
and the integration time will vary from antenna to antenna
in order to reach the required SNR. The minimum eleva-
tion angle for scheduled observations for all antennas in the
geodetic VLBA sessions is set to.5

These sessions were scheduled using the automatic sché-
uling mode of the SKED program. The scheduler sets up
some general parameters that govern how the schedule is
generated. The scheduler then generates all or part of the
schedule and examines it for problems, such as prolonged
gaps in the schedule when a station is idle. The schedul-
ing parameters can be adjusted to minimize problems. The
schedule can also be modibed by adding or deleting obser-
vations. In its automatic mode, SKED generates a sequence
of scans using the following algorithm:

1. SKED determines the current schedule time by looking
at the latest time any station was scheduled, and taking
the earliest of these times.

2. SKED updates the logical source-station visibility table
for the current time. The rows of this table correspond
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to sources and the columns to stations. If a source is vis-
ible at a station, the location is marked as true, else it is
false. Any row that has two or more true entries corre-
sponds to a possible scan.This table is modibed by the
so-called OMajor OptionsO which control which scans
are actually considered. The important major options
are: (a)MinBetween. If a source has been observed
more recently thaMinBetween, itis marked as down

at all stations. This prevents strong sources from being
observed too frequently. (bMaxS1ew. If the slew time

for an antenna is longer thataxS1ew, the source is
marked as down for the station. (€}nSubNetSize.

If the number of stations which can see a given source is
smaller tharMinSubNetSize, the source is marked

as down at all stations.

SKED scores scans based on their effedlen Cov-
erage Or Covariance optimizations. The user has
the option of choosing which, witBky Coverage

the usual choice. (a) F@ky Coverage, SKED cal-
culates, for each station, the angular distance of the
source from all previous scans over some time interval. It
Pnds the minimum angular distance, and averages over
all stations. This is the sourcesO sky-coverage score. The
larger the score, the larger the hole that will be Plled by
observing this source. (b) Fabvariance optimiza-

tion, prior to scheduling, the scheduler specibes a set
of parameters to be estimated, and a subset to optimize.
For example, you might estimate atmosphere at each
station, clocks at all but the reference station, and EOP,
but you are only interested in optimizing EOP. Scans are
ranked by the decrease in the sum of the formal errors
of the optimized parameters when the considered scan
is added to the schedule. (c) In either case, the top X%
of scans are kept for further consideration, where X% is
user settable, and is typically 30D50%. The smaller X%
is, the more important the initial ranking.

Lastly the top X% scans are ranked by a set of OMinor
OptionsO. There are 15 Minor Options, each correspond-
ing to some possible desirable feature of the scan. For
each scan, SKED calculates the weighted sum of the
minor options in use. The scan with the highest over-
all score is scheduled. A description of all of the Minor
Options and how the score is calculated is beyond the
scope of this paper. The Minor Options typically used for
scheduling geodetic VLBA experiments, and their effect
on the scan selection follows. (&ndscan prefers
scans which end soonest. {hymObs prefers scans with
more observations, i.e., with more stations.geptwt
prefers scans involving certain stations. This is a way of
increasing the number of observations at weak stations,
or stations that are poorly connected to the network.
(d) statIdle prefers scans which involve stations
which have been idle. This reduces gaps in the schedule.
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(e) astrometric and (f) SrcEvn modes are dis- Table 3 Statistics of observing session per station

cussed below. 1) @) 3) 4)

i , , pietown +34.122 251880 132

Wh_en SKED_ is done_schedullng ascan, it checkstosee|f . .. + 35592 253754 130
ot retus contol o he scheduler
Geodetic VLBA experiments have two goals absentbr_vIba +a7939 240316 128
from other geodetic VLBI sessions: (1) The inclusion ofov'vma +37.046 2alrzz 128
OrequestedO sources for which precise positions have béde'r\'lba + 30466 256055 126
requested by the astronomical community; and (2) The desifdvba tazral 288013 126
to image all (or most) of the sources in each experiment"kViba +19.679 204544 124
These lead to the development &trometric mode N -viba +41.580 268425 123
andsrcEvn modes in SKED. Ikstrometric modethe Scviba +17.645 295416 117
user specibes minimum and maximum observing targets fayestford +42431 288511 59
a list of sources. SKED preferentially selects scans involvkokee +21992 200334 57
ing sources which are below their targets, and discriminateglcreek +64.830 212502 56
against scans involving sources which are above their tapnsalago +57.220 11925 50
gets.SrcEvn mode was introduced because SKED has avettzell +48.954 12877 50
tendency to select strong sources with good mutual visibilmedicina +44.328 11646 46
ity. If SrcEvn mode is turned on, SKED will preferentially nyales20 +78.856 11869 38
schedule sources that are under-observed compared to theiikub32 +35.922 140087 31
peers. This is one way of ensuring that weak sources, Qfartrao §$25.738 27685 28
sources with low mutual visibility, are observed a sufbcieniygao710s +38.833 283173 24
number of times so that they can be imaged. The efPcienqoconc &36.658 286974 21
of geodetic schedules is typically 45D60%. nrao20 +38.245 280160 20
matera +40.459 16704 19

2.2 Session statistics hobart26 S42611 147440 6
kashim34 +35772 140657 6

The distribution of sessions over time is presented in TAble aigopark +45.763 281927 5
In each session 7,000D34,000 pairs of S/X group delays weggtio +36.691 14989 4
evaluated, for a total of 1,737,947 values. The ten VLBA glenchk +43.595 41565 3
stations and 20 other non-VLBA stations took part in theg, etioe +60.367 29781 2
urumgqi +43279 87178 1

Table 2 Statistics of VLBA sessions

Year No. geodetic No. astrometric
sessions sessions

1994 3

(1) IVS station name; (2) geocentric latitude; (3) longitude, positive
towards east; (4) Number of observing sessions under geodesy and
astrometry with the VLBA array

1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

12

=
o]

O N O OO0 0O O O O O O O

P 00N M ODNO OO O Ul o N -

observing campaign, with from 9 to 20 stations in each ses-
sion. The frequency of station participation in sessions is
shown in Table3. Among 4,412 observed sources, at least
two usable S/X pairs of group delays were determined for
3,090 objects.

3 Correlation and post-correlation analysis
of observations

Observations at individual stations were recorded on
magnetic tapes or, since 2007, on Mark 5 disc packs. Cross-
correlation of the raw data was performed on the VLBA cor-
relator Benson 1995Walker 1999, in Socorro, NM, USA.

The correlator uses the GSFC program Calc and the station
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clock offsets with respect to UTC measured with GPS clocksvith frequency (single-band delay) by Pnding the maximum
to compute theoretical delays to each station. Each station@ighe 2D Fourier-transform of visibility datZékahashi etal.
bit stream is offset by these delays during the correlation2000 and subsequent LSQ bt. An SNR cutoff of about 3 is
The resultant correlator output is the amplitudes and residuglenerally used in order to omit noisy solutions for relatively
phases as functions of time (visibility points) for each staweak source$.
tion, referenced to a common point that lies close to, but not For those observations in which all of the IF channels have
necessarily coincident with the geocenter. a detection, an AIPS program called MBDLY computes the
Most geodetic VLBI experiments are correlated usingaverage phase for the reference frequency and the average
Mark 4 correlators\\Vhitney et al. 2001 Their outputis pro- phase slope with frequency (so-called multi-band delay or
cessed using the Fourbt program developed at MIT Haystaakoup delay) that best bts the individual IF phases obtained
Observatory. Since this program cannot handle the outpdtom FRING. The individual IF solutions for the single-band
from the FX correlators, we used the AIPS software packagdelay and the fringe rate are averaged over all IFs. Checks

(Greisen 200Bfor further processing. of the quality of the group delays are obtained by the spread
of the individual single-band delays, the fringe rates, and
3.1 Using AIPS to process geodesy experiments the phase scatter between each measured IF phase versus

the best-bt group delay. Observations with large deviations
Additional processing is required to evaluate the geodeticare Ragged as low quality and generally are not used in the
astrometric VLBI observables of group delays and phasanalysis.
delay rates. The initial calibrations are: The results from FRING and MBDLY give the phase, sin-
gle-band delay, fringe-rate, and group delay for a Pducial
1. Small amplitude corrections for the correlator statistic§ime near the middle of each scan for each baseline and each
are applied while reading the raw data into an AIPS datd'eéquency band. These quantities represent the residual val-
base. ues with respect to the correlator model for the observation.
2. The reference point of each IF channel is moved fron¥Vhen these data are added to that of the correlator model, the
the lower frequency edge to the center frequency of théesults become thezal phase delaypral single-band delay,
channel, along with an adjustment to the frequency irfofal fringe-rate andozal group delay, respectively. These

the AIPS data base. This reduces edge effects, resultirigtal values are independent of the correlator model.
in a small improvement in determination of the group  The correlator model is attached to the correlator output.

delays. For each source and each antenna, it is represented by a six-
3. Bad antenna and frequency channels are Ragged out, @$ler polynomial for every two minute interval, so that its
necessary. value can be determined at any time with rounding errors

4. Atthe VLBA stations, relative phase and delay offsetsP€low 0.1ps. It contains three parts: the geometric delay
are applied to the visibility points using measured phas®ased on the a priori source position, antenna locations, and
calibration tone phases. For both VLBA and non-VLBA the EOP; an a priori atmospheric delay; and the clock offset
Stationsl manual phase offsets are apFﬁ|Q'dhe phase with reSpeCt to UTC determined by GPS at each individual
offsets are determined by fringe pt“ng a reference Scaﬁtation. The time'tag associated with the correlator model
on a compact radio source to determine the relativéind the residual parameters is earth-center oriented. That s,
instrumental phase and residual group delay for eacHe parameters are referenced to the time when the wave-
individual IF. These phases are removed from the entiréontintercepts a Pducial point chosen at the coordinate sys-
data set, equivalent to setting the single band and mufem origin in order to facilitate the correlation process. The

tiband residual delays to zero at the scan used for thiotal quantities are then determined by adding the baseline
calibration. residual parameters to the correlator model difference for the

appropriate antenna-pair, interpolated to the scan reference

The heart of the reduction process isfttiege firting of the time.

data using AIPS task FRING. Data for each scan, baselintla:, T{Ee total (;Jti§erva(jt>lest are (iqntlnuolus_functhns oc:.tlmet.
frequency band and IF channel are processed separately, angf ("€ geodetic and astrometric analysis requires discrete
lues of observable quantities, one per scan and per baseline,

the following parameters are determined: the average pha¥8 : e : .
at some bducial time near the center of the scan: the avera%ereafter called observations, with time-tags associated with

phase rate with time (fringe rate); and the average phase ra e arrlval of the wavefront at the r_eference antenna of the
baseline. These observables can differ by as much as 20ms

2 The non-VLBA stations have phase calibration systems, but their
phases could not be captured in real time, nor extracted during correld-The AIPS cookbook can be found on the Webhgp://www.aips.
tion as is done on the Mark 4 correlators. nrao.edu/cook.html
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from the quantities with Earth-centered time-tags. AIPS tasiable 4 A comparison of X-band group delays and phase delay rates
CL2HF is used to combine the correlator models and resideetween a subset of the rdv22 session processed through the Haystack

- . ark 4 correlator/Fourbt processing system versus the VLBA Corre-
uals at two stations and compute the observables with ﬂ\'étor/AlPS processing system

reference antenna time-tags. For convenience, the time-tags

are chosen to be on an integer second, and a common timgaseline No.pts Length (km) Wrms of differences
tag is set to all observations in a scan. CL2HF performs this Delays Rates
transformation, computes the fringe amplitude SNRs, delay, (ps) 1615
and rate unc_ertaintie;. CL2HF writes outan OHFO extensipn - mietown 135 237 51 313
AIPS ble which contains the total quantities as well as man .
. .. . . p-viba /pietown 124 417 36 141
other derived quantities needed for further analysis. Flnallyl,(Okee /mkeviba 169 508 5 351
the AIPS task HF2SV converts the data in the HF extension
Ple to a binary form that is consistent with Mark 3 correlatorkp'vIba a -viba 125 652 %2 158
output. kp-viba /ov-viba 171 845 25 611
ov-viba /pietown 97 973 74 300
3.2 Validation of the post-correlation analysis procedure & *viba /ov-viba 76 1088 56 221
br -viba /ov-viba 176 1215 33 304
For the Prst few years, the VLBA/AIPS processed session® viba/la-viba 104 1757 30 303
were freely mixed with Mark 4/Fourbt processed sessiond)r -viba /pietown 170 1806 78 604
with few noticeable effects. However, two discrepancies wer&r -viba /kp-viba 183 1914 68 208
noticed between results from the two data sets. (1) The hokpr -viba /gilcreek 143 2482 40 102
izontal position of theonsala station shifted by approxi- gilcreek/ov- viba 24 3584 61 519
mately 3mm between the two sets of data and (2) scatter afik-viba /ov-viba 124 4015 74 7.4
source position series for southern sources differed at a levkbkee/ov- viba 59 4220 84 368
of 0.2D1.0mas. The shift omsala Os position was found to gilcreek/pietown 103 4225 48 433
be the result of a strong azimuthal dependence of instrumeiicreek/kp- viba 98 4322 38 94
tal delay in the cable, not seen at other sites. It showed upy -viba /mk-viba 162 4399 161 232
because measured phase calibration was not usedgata kp-viba /mk-viba 43 4467 133 332
in the VLBA/AIPS processing. The source statistics differ-p, _yipa /kokee 112 4469 Q2 113
ence was found to be due to an incorrect accounting in prayijcreek/kokee 95 4728 154 365
gram CL2HF of the total number of bits read from the stationyoyee/kp- viba 113 4736 56 249
tgpes at the VLBA ,correlator. When this was corrected, the,, \iba Ipietown 38 4796 Q0 397
Osouthern sourceQ problem disappeared. gilcreek/mk- viba 21 4923 116 538
A direct comparison of delays and rates processed by tqg viba /mk-viba 89 4970 a3 511
AIPS software package versus the Haystack Fourbt softyva{(% kee/pietown 105 5040 79 772
package was strongly desired. To make such a comparisop, 2 859 5 @ 361

the tapes from eight stations in the rdv22 VLBA session (July
6D7, 2000) were saved and sent to Haystack Observatory,

where they were correlated on the Mark 4 correlator and

fringed using the program Fourbt. To minimize the differ-range from as little as 2.5 ps on tkp-viba /ov-viba base-
ences in processing, a single set of phase calibration phasé€. up to 16.1ps on thbr-viba /mk-viba baseline. The
was used in both the AIPS and Fourbt processing. Two da¥/fms over all baselines is only 6.0 ps, equivalent to 1.8 mm.
abases were made of the same baselines processed thro®yrcomparison, the average delay formal errors are 7.7 ps on
the two independent systems, with matching time tags. ThkP-viba /ov-viba and 17.3ps otbr-viba /mk-viba . In a
regular Calc/Solve analysis was then performed on each @jmilar comparison between the Mark 3 and Mark 4 cor-
eliminate any bad data points. The observed delays and ratE&jators and post-processing software at Bonn University,
were differenced and tabulated by baseline. There were cohlothnagel et al(2003 found an average wrms difference
stant offsets for each baseline due to differences in singl@f 21.1ps on six long intercontinental baselines.

band calibration, and differences in 2ambiguity shifts.

Such delay differences get absorbed into the clock adjust-

ments and do not affect the geodetic or astrometric resultd. Geodetic analysis

After removal of these constant differences, weighted root

mean square (wrms) differences at X-band were computelth our analysis we used!! available VLBI observations

by baseline. These are given in Tahlé he wrms differences from August 3, 1979 through October 4, 2007, including 132
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observing sessions with the VLBA. The differences betweerm specibc parameterization for an individual solution. Basic
the observed ionosphere-free linear combinations of duaparameters belong to one of the three groups:

frequency group delays and theoretical group delays are used

in the right hand side of the observation equations inthe lea& &lobal (over the entire data set): positions of 3,089

squares parameter estimation procedure. sources.

Computation of theoretical time delays in general followsP  local (over each session): ilts of the local symmetric axis
the approach outlined in the IERS ConventioN&Carthy ofthe atmqsphere (also known as Oatmospheric azimuthal
and Petit 200ftand presented in detail [Sovers et a1999 gradientsO) for all stations and their rates, station-

with some minor rebnements. The most significant ones dependentclockfunctions modeled by second order poly-
are the following. The expression for time delay derived by nomials, baseline-dependent clock offsets, daily nutation
Kopeikin and SchSfef1999 in the framework of general offset angles.

relativity was used. The displacements caused by the EarthBssegmented (over 20060 min): coefbcients of linear spline
tides were computed using a rigorous algorittetfov and that model atmospheric path delay (20-min segment) and
Ma 2003 with a truncation at a level of 0.05mm using the ~ clock function (60-min segment) for each station. The
numerical values of the generalized Love numbers presented €Stimates of clock function absorb uncalibrated instru-
by Mathews (2003). The displacements caused by ocean Mental delays in the data acquisition system.

loading were computed by convolving the GreensO functions
with ocean tide models using the NLOADF algorithm of
Agnew (1997. The GOTO00 modelRay 1999 of diurnal
and semi-diurnal ocean tides, the NAO99 modiéh{sumoto

et al. 2000 of ocean zonal tides, the equilibrium model ———~
(Petrov anolj Ma 20030of the pole tide, and the tide with observables were computedwais= 1/ " 7+ r2(b), where

: . o 1S the formal uncertainty of group delay estimation and
period of 18.6 years were used. Atmospheric pressure load;, , . . -
; : ~ . .r(b) is the baseline-dependent reweighting parameter that
ing was computed by convolving the GreensO functions with . . . .
as evaluated in a trial solution to make the ratio of the

the output of the atmosphere NCE'.D Reanalysis numerIC%vaeighted sum of the squares of residuals to its mathematical

model Kalnay et al. 1995 The algorithm of computations expectation to be close to unity

is described in full details ifPetrov and Boy(2004. The '

empirical model of harmonic variations in the EQRo_

20070802 derived from VLBI observations according to 4.1 Baseline analysis

the method proposed etrov(2007) was used. The time

series of UT1 and polar motion derived by the Goddard operin the preliminary stage of data analysis, in addition to basic

ational VLBI solutions were used as a priori. Displacement ofparameters we estimated the length of each baseline at each

the VLBI reference points due to antenna thermal expansiosession individually. The purpose of this solution was to

was not modeled. determine possible non-linearity in station motion, to detect
The ionosphere contribution to group delay is considereghossible outliers, and to evaluate statistics related to system-

to be reciprocal to the square of frequency. Therefore, theratic errors. The baseline length is invariant with respect to a

exists the linear combination of X-band and S-band delayBnear coordinate transformation that affects all the stations

that is ionosphere-free. No additional ionosphere model wasf the network. Therefore, changes in baseline lengths are

applied. The contribution of higher terms to the ionosphereelated to either physical motion of one station with respect

delay as was shown biawarey et al(2005 is less than to another or to systematic errors speci