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ABSTRACT

Data from the Western Canada Deformation Array
(WCDA), a network of continuous GPS tracking sites
located in southwestern British Columbia, have been
routinely processed since September 1992. Previous
analyses of the WCDA solutions revealed unexplained
annual sinusoidal variations in the north component
of the three longest-running baselines with amplitudes
ranging from 2.1 to 3.4 mm. These variations seem to
be correlated with the orientation of the baselines and
not the baseline lengths. Precise orbits, which are held
fixed in the routine WCDA data reduction, were sus-
pected as the cause in previous reports, though this
was not fully proven. Recently, six tests have been
carried out in an effort to identify the true cause of
these annual variations. From the results of these
tests, some factors, such as station-satellite geome-
try related errors and tropospheric mismodelling, can
be discounted. The most interesting result from this
study is that a similarity in features is found between
the annual variations and an error caused by the un-
calibrated GPS satellite antenna offset along the satel-
lite local x-axis. This finding reinforces the suspicion

of a systematic orbital error in the precise orbits, al-
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Figure 1: Western Canada Deformation Array.

though common, site-specific, seasonal modulations of

the GPS signal cannot be completely ruled out.
1. INTRODUCTION
The Western Canada Deformation Array (WCDA) is a

network of continuous GPS trackers located in south-
western British Columbia and operated by the Pacific
Geoscience Centre (PGC) of the Geological Survey
of Canada, for the purpose of monitoring the crustal
deformation across the northern Cascadia subduction
zone. The initial set of three permanent stations which
were operational by September 1992 included DRAO
(Dominion Radio Astrophysical Observatory, Pentic-
ton), ALBH (Albert Head, Victoria), and HOLB (Hol-
berg, northern Vancouver Island). Stations added
later included WILL (Williams Lake) in October 1993,
UCLU (Ucluelet) in May 1994, and NANO (Nanoose
Harbour) in May 1995. Through cooperative work
with the University of Washington the station NEAH
(Neah Bay) was also established on the northwest

coast of Washington in July 1995. Figure 1 shows the
basic tectonic setting of the region and the configura-
tion of the WCDA prior to May 1995.

The daily analysis of the WCDA data is carried out
routinely at PGC using the CGPS22 software devel-
oped at NRCan (Natural Resources Canada, formerly
Energy, Mines and Resources - EMR) and both NR-
Can and IGS (International GPS Service for Geody-
namics) precise orbits. The estimated parameters are
the coordinates of all the non-reference stations, initial
double differenced phase ambiguities, and stochasti-
cally modelled local tropospheric scale factors. In the
estimation, DRAO is used as a reference station and is
held fixed to its ITRF (International Terrestrial Refer-
ence Frame) coordinates; the NRCan (or IGS) precise
orbits in SP3 format (including satellite clocks) are
also held fixed; and integer ambiguities are not fixed
for final solutions. (For an outline of analysis tech-

niques and a summary of previous results, see Chen



[1994]; Chen et al. [1995]; and Dragert et al. [1995]).
To briefly summarize the earlier results, a precision of
several millimeters was achieved for both horizontal
and vertical components for baseline lengths ranging
from 302 to 627 km. Error analysis on the results re-
vealed the presence of some systematic errors includ-
ing remarkable multipath effects present in the east
component of baseline ALBH-DRAO, elevation cut-off
angle dependent offsets due to antenna phase centre
variations, and annual sinusoidal variations present in
the north component of most if not all of the WCDA
baselines. The last of these systematic errors has an
uncertain cause and 1s the focus of the present inves-

tigation.

In order to help identify the cause of the annual vari-
ations, several tests were carried out on older data
sets. These tests dealt with the tropospheric mod-
elling, the polynomial representations of the precise
orbits, the tidal corrections, the station-satellite geom-
etry related factors, and the satellite antenna offsets.
Although these tests did not identify an unambigu-
ous cause, they were successful in defining important
features of this error and in narrowing the scope for
future investigations. This paper discusses the various
aspects of these tests: Section 2 gives a brief review of
the features of the error and describes the conducted
tests; Section 3 outlines the results of the tests; Sec-
tion 4 discusses some of these results in greater detail,;

and Section 5 summarizes the current study.

2. FEATURES OF THE ERROR AND DE-
SCRIPTIONS OF THE TESTS

From previous studies, the features of the annual vari-
ations present in the north component of the WCDA

solutions can be summarized as follows:

1. The amplitudes vary from 2.1 to 3.4 mm.
There is a suggestion that these amplitudes
are correlated with baseline orientation and

not baseline length.

2. The variations on different baselines seem to
have a similar phase pattern and the same

annual period.

3. The variations are insensitive to changes in
satellite elevation cut-off angle and antennas
(at both the reference and non-reference sta-

tions).

4. Variations with these characteristics do not
appear in the east or upward baseline com-

ponents.

Feature 1, the variation of amplitudes, tends to rule
out local deformations such as the tilting of the an-
tenna pillar at the reference site DRAQO as the source
of this error. Feature 2 implies that local, physical
phenomena at non-reference stations are unlikely to
be the cause of these variations. However, this cannot
be totally ruled out since there does exist a common-
ality in the mounting of the antennas at all sites (i.e.
forced-centre brass mounting plates embedded atop
concrete pillars). Feature 3 argues against seasonal
multipathing variations being the cause while feature 4
suggests that tropospheric mismodelling and tidal mis-
modelling are unlikely causes since these would affect
the upward and the east components more than the
north components. This process of (uncertain) elim-
ination leaves precise orbits as the likeliest candidate
for the observed annual variations [Chen, 1994; Chen

et al., 1995].

Still, to maintain a wide of search for the cause of this
error, we chose to investigate not just the precise orbits
but also other related aspects, including not only the
?less likely” causes outlined above but also the pos-
sible existence of some small as yet undetected soft-
ware bugs which somehow only manifest themselves
over longer periods of solutions. In summary, six main

tests have been carried out, as described below.

Test 1 is a test of the polynomial representation of the
precise orbits. The standard precise orbits are tabu-
lated at 15-minute intervals, and normally in CGPS22,
the precise orbits are represented by Chebyshev poly-
nomials of order 15 for each satellite pass (roughly 6
hours). We chose to use two arbitrarily chosen days of
JPL-generated precise orbits to do the test, since we
managed to obtain both 15-minute and 5b-minute tab-
ulated precise orbits. By comparing the polynomial
interpolation of the 15-minute sampled orbits with the
b-minute sampled orbits, the accuracy of the polyno-

mial representation could be evaluated.

Test 2 involved toggling on/off some of the measure-
ment correction models, specifically the solid earth

tide and the ocean loading plus pole tide. Since tidal



effects are predominantly in the vertical component,
this test 1s mainly for identifying software bugs related
to these corrections, although it is also interesting to

see the impact of these corrections on the solutions.

Test 3 involves carrying out daily moving-window so-
lutions using 12-hour data segments with start-times
moved forward 4 minutes each day, consistent with the
daily advance of the satellite geometry. The purpose
of the test is to identify any station-satellite geome-
try related errors such as multipath and phase-centre

variations.

Test 4 estimated the x, y, z biases in the satellite lo-
cal coordinate system. It was designed to test if there
are any systematic errors with regard to the satellite
orbits and the phase center calibration of the satel-
lite transmitting antennas (offset of phase center from

center of mass).

Test 5 was a test of the tropospheric propagation de-
lay modelling in CGPS22, which uses Hopfield’s model
for zenith tropospheric delay, Black’s mapping func-
tion, and a colored noise stochastic process for the
local tropospheric scale factors. Obviously there are
three areas to test: the model for the zenith tropo-
spheric delay, the mapping function, and the stochastic
model. Firstly, Saastamoinen’s model was used to re-
place Hopfield’s model; secondly, the more up-to-date
Herring and Niell mapping functions recommended by
Mendes and Langley [1994] were adopted to replace
Black’s mapping function; and lastly, a random walk
noise process and different parameterization schemes
for the tropospheric delay were tested. The param-
eterization schemes include: estimating the residual
combined wet and dry (non-hydrostatic and hydro-
static) zenith tropospheric delay (default in the routine
WCDA data reduction), estimating the total combined
wet and dry delay without any a prioricalibration, and
estimating a stochastic wet delay and a constant dry

delay with a priori calibration.

Test 6 involved replacing the NRCan precise orbits
with the IGS precise orbits. The IGS precise or-
bits are a combination of the precise orbits gener-
ated by several IGS analysis centers. They are formed
by weighted averaging and removing small reference
frame errors from the individual precise orbits with

respect to a common reference frame. The IGS pre-

cise orbits are claimed to be comparable to, or better
than, the best individual orbits [Beutler et al., 1995].
Consequently, this test can identify possible biases in
the NRCan orbits. However, since the IGS orbits and
NRCan orbits are both inherently correlated with each
other due to similar fundamental mathematical formu-
lations for orbit modelling, existence of errors common
to both orbits are possible and would not be detected
in this test.

3. RESULTS OF THE TESTS

The tests described in the last section were carried out
using all of the WCDA data collected in 1994. The

results are summarized briefly as follows:

Test 1: The comparison between the interpolated or-
bits using Chebyshev polynomials fit from the stan-
dard 15-minute tabulated precise orbits and the 5-
minute tabulated precise orbits reveals that with a
polynomial order equal to or higher than 15, the root
mean square (rms) errors for all satellites are well be-
low 1 cm. Reducing the polynomial order below 14,
results in larger errors (> 1 dm) for some satellites. We
conclude that the polynomial order 15 used for routine
WCDA data analyses is more than adequate and this
interpolation of orbits procedure does not generate a

seasonal error.

Test 2: A comparison was made among the routinely
obtained solutions, the solutions without ocean load-
ing and pole tide corrections, and the solutions with-
out any tidal (including solid earth tides) corrections.
The annual variations in the north components are
found to be almost completely unaffected by the ad-
dition or ommission of these corrections. This is not
surprising since all tidal effects are confined to mostly
the vertical component. However, it is somewhat sur-
prising that the solid earth tide correction does not
improve the precision of the vertical component sig-
nificantly but appears to improve the precision of the
horizontal components by 0.1 to 0.3 mm for almost all
baselines. On the other hand, the ocean loading cor-
rection improves estimates of the vertical components
but degrades slightly the estimates of the horizontal

components (see Chen [1996] for more details).

Test 3: The 12-hour moving-window solutions show
somewhat larger scatters compared to the routinely
obtained 24-hour daily solutions, and still exhibit the



same annual variations. This indicates that factors
related to the station-satellite geometry probably do
not play a significant role in the annual variations.
This does not rule out multipathing and/or antenna
phase center variations as potential causes since these
factors might be modulated seasonally at individual

sites.

Test 4: This test produced unexpected results. An
examination of mean residuals for the satellite antenna
offsets revealed zero offsets in the y and z axes, but
an offset of 0.279 m in the x-axis. Further investi-
gation revealed the software error which caused this
problem. After correction of this error, all the esti-
mated residual x, y, z satellite antenna offsets became
zero. Table 1 lists the precisions of the original solu-
tions and the precisions of the solutions recomputed
with the corrected satellite antenna offset. These pre-
cisions are calculated as the root mean square (rms)
scatters about a best fitting line through the daily solu-
tions. The precisions for the east (E) component of the
ALBH-DRAO baseline and the upward (U) component
of the WILL-DRAO baseline are not listed since they
are contaminated by large errors due to multipath ef-
fects and antenna phase center variations [Chen et al.,
1995]. The most marked improvement occurs for the
north component of the baselines HOLB-DRAO and
WILL-DRAO (0.5 and 0.6 mm respectively), which are
”coincidently” also the two most severely affected by
the annual variations. Slightly suppressed as they are
in the amplitudes, the annual variations remain in the
recomputed solutions with the same features except
for the somewhat smaller amplitudes. There is a strik-
ing similarity between the error caused by this x-axis
satellite antenna offset and the annual variations in
the north component of WCDA baselines, prompting
additional analyses of these results which are discussed
in the next section. It should also be noted that all

other tests used the corrected version of the software.

Test 5: This test took the most intensive efforts.
Four sub-tests were carried out, and the results were
then compared (in all three baseline components) to
those using the original tropospheric estimation strat-
egy (Hopfield’s model, Black’s mapping function, and
colored noise process with 10 hours correlation time
and 5% steady state sigma). In the first sub-test, Her-

ring’s mapping function was used to replace Black’s

Table 1: Precisions in mm in north, east, and upward
components for the original solutions and the recom-
puted solutions with correct calibration of the x-axis

satellite antenna offset.

Baseline Original Recomputed
N E|]U|N|E|U
ALBH-DRAO | 21| - | 73(22| - |74

UCLU-DRAO | 22|28 | 64|21 |28]6.6
HOLB-DRAO | 35 | 37|73 ]3035 |76
WILL-DRAO | 35|32 | - [29]32]| -

Table 2: Precisions in mm in north, east, and upward

components for solutions using the IGS precise orbits

Baseline 1GS
N|E | U
ALBH-DRAO | 2.1 | - |74
UCLU-DRAO | 2.1 | 2.8 | 6.5
HOLB-DRAO | 2.8 | 3.5 | 8.0
WILL-DRAO | 2.8 | 3.1 | -

mapping function. The results indicated that both
mapping functions gave almost identical solutions with
few differences of 0.1 mm. The second sub-test esti-
mated the total combined tropospheric wet and dry
delays without any a priori calibration. This method
is described and recommended by Tralli and Lichten
[1990]. However, the results of this sub-test turned out
to be comparable (within +0.1 mm) to those using the
original estimation strategy. The third sub-test used
Saastamoinen’s tropospheric model along with Niell’s
mapping function and a random walk process for the
residual combined wet and dry delay. Again, the re-
sults were not significantly different from the results
with the original estimation strategy. The last sub-
test estimated the wet delay and dry delay separately.
The residual wet delay was estimated as a stochastic
process, and the residual dry delay as a constant vari-
able. The results of this last test showed comparable
or slightly worse precisions. The conclusions that can
be drawn from these tests are that the original tropo-
spheric estimation strategy is totally satisfactory for
the routine reduction of WCDA data, and more im-
portant, the annual variation in the north component

persists no matter what tropospheric estimation strat-
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Figure 2: The errors induced by the uncalibrated x-
axis satellite antenna offset for baseline ALBH-DRAO

egy 1s used.

Test 6: The precisions obtained using the IGS precise
orbits are summarized in Table 2. Compared with the
precisions of the recomputed solutions using the NR-
Can precise orbits in Table 1, it is evident that the
solutions with IGS orbits generally show slightly bet-
ter precisions. This verifies the better quality of the
IGS orbits. More important to this study, the annual
variations in the north component remain the same
with the IGS precise orbits. Therefore, the NRCan
precise orbits are in good agreement with the IGS pre-
cise orbits and cannot be singled out as the cause of
this annual variation. However, as stressed in the last
section, errors common to both IGS and NRCan pre-
cise orbits may exist and cannot be detected by this
test. Thus the precise orbits as a whole, be they from
IGS or NRCan, should not be dismissed from further

investigations.
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Figure 3: The LSSA spectra of the errors in Figure 2.

4. ANALYSIS

Least Squares Spectral Analysis (LSSA) [Wells et al.,
1985] was carried out on the results from test 4. First
the WCDA solutions were recomputed using the cor-
rection for the x-axis satellite antenna offset. Then
the time series formed by differencing the recomputed
solutions and the original solutions (without the cor-
rection for the x-axis satellite antenna offset) was
obtained. This time series should represent the ef-
fect caused by the error in the satellite antenna off-
set. Figures 2 and 3 show the differenced time series
in north, east, and upward components for baseline
ALBH-DRAO and their corresponding LSSA spectra.
Figures 4 and 5 show the same quantities for baseline
WILL-DRAO. It is interesting to see that the north
component 1s affected most strongly in a systematic
way with a dominant annual frequency. This state-
ment holds true for the other two baselines, although

the magnitude of this error differs from baseline to
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Figure 4: The errors induced by the uncalibrated x-
axis satellite antenna offset for baseline WILL-DRAO.

baseline.

Figure 6 illustrates the north component of this error
for all the WCDA baselines. Note that the baselines
in Figure 6 are arranged in an order according to the
orientation of the baselines (see Figure 1). Table 3
lists the amplitudes and phases of the dominant an-
nual periodic constituents for the quantities shown in
Figure 6, along with the corresponding formal errors.
Evidently from Figure 6 and Table 3, the amplitude
of this error 1s strongly dependent on the orientation
of the baselines and not baseline lengths, as one might
typically expect for orbital errors! The phase of the
error also appears to be increasing systematically as a

function of baseline orientation.

To allow direct comparison to the error residuals of
Figure 6, the daily variations in the north component
apparent from the recomputed WCDA solutions have

been plotted in the same order for the four baselines
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Figure 5: The LSSA spectra of the errors in Figure 4.

(see Figure 7). Table 4 lists the amplitudes and phases
of the dominant annual periodic constituents for the
quantities shown in Figure 7. (It should be noted that
the estimates in Table 4 are subject to larger errors
than those in Table 3.) A comparison of the two tables
and two figures shows a striking similarity between the
two data sets, although Table 4 exhibits no clear trends
in the phases of the annual variations. For example,
in both Figures 6 and 7, all the baselines have a dom-
inant annual period (even for ALBH-DRAO in Figure
7, although its LSSA spectral value is only about 6%),
and the phases for WILL-DRAO and HOLB-DRAO
are very close. Moreover, the two sets of amplitudes
in Tables 3 and 4 are proportionally consistent even
though the formal errors for the amplitudes in Table
4 are larger. For instance, taking the amplitude of
ALBH-DRAO as 1 in both tables, the relative ampli-
tudes in Table 3 would be 1.0, 1.6, 2.3, 2.7, and 1.0,
1.7, 3.0, 2.8 in Table 4. The large differences in the
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Figure 6: North component of the error time series caused
by the incorrect x-axis satellite antenna offset in the WCDA
solutions.
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Figure 7: North component of the WCDA baselines after
the correct calibration of the x-axis satellite antenna of fset
(plots are in the same order and with the same unitsasin
Figure 6).



Table 3: The estimated amplitudes and phases of the
annual constituent present in the north component of
the differenced time series for the WCDA baselines.

Baseline Amplitude (mm) | Phase (deg)

ALBH-DRAO 0.59 + 0.03 22045 + 2.17
UCLU-DRAO 0.96 + 0.09 282.92 + 5.99
HOLB-DRAO 1.38 &+ 0.07 306.05 + 3.37
WILL-DRAO 1.58 £+ 0.02 353.17 + 1.93

Table 4: The estimated amplitudes and phases of the
annual constituent present in the north component of
the recomputed WCDA solutions.

Baseline Amplitude (mm) Phase (deg)

ALBH-DRAO 0.89 + 0.22 329.46 + 15.07
UCLU-DRAO 1.50 + 0.86 332.91 + 18.09
HOLB-DRAO 2.63 + 0.29 319.72 + 18.26
WILL-DRAO 2.54 + 0.28 319.18 + 16.67

phases for ALBH-DRAO and UCLU-DRAQO are pos-
sibly due to the comparatively smaller amplitudes for

the two baselines and contamination by other errors.

It should be pointed out here that the above compar-
ison does not prove that the annual variations in the
north component of WCDA baselines are directly re-
lated to satellite antenna offsets. Rather, it showes
that a systematic orbital error, like the error in the
x-axis satellite antenna offset described above, can re-
sult in an annual signal similar to the observed varia-
tions. Consequently, it is reasonable to conclude that
an unmodelled or mismodelled physical phenomenon
in the precise orbits remains the primary suspect for
the cause of the annual variations in the WCDA solu-
tions. The exact cause awaits further data and further

analyses.
5. SUMMARY

Six tests have been carried out in a search for the cause
of the annual variations present in the north compo-
nent of the WCDA solutions producing some notable
results. The errors related to the station-satellite ge-
ometry and the mismodelling of the tropospheric prop-
agation delay are found to be unlikely causes of these
variations. The quality of the polynomial represention
of the precise orbits in the CGPS22 software and the

quality of the IGS precise orbits are verified, although
the improvement with IGS orbits over the NRCan or-
bits 1s marginal. Tests involving tidal effects confirm
that no errors are introduced through ocean-loading
and pole-tide corrections nor through solid earth-tide
corrections. Most interestingly, it was found that an
error in the calibration of the phase center offset of the
satellite antennas along the satellite local x-axis led to
error residuals with features similar to the observed
annual variations in the north components. Conse-
quently, the suspicion that systematic orbital errors
are the cause of the annual variations is reinforced,
although the identification of the exact cause awaits
the involvement of IGS analysis centres and further

studies.
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