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ABSTRACT This paper presents the results of the time series analysis for 1997, 1998 and 1999 for
the permanent GPS stations of Medicina, Genoa, Noto, Turin, Cagliari, Perugia and
Venice, belonging to the Italian GPS Fiducial Network of the ASI. The BPE module
of the Bernese software v.4.2 was used to process data to obtain time series of daily
solutions. The model used for the least-square interpolation of the series allowed us to
consider both the secular trend (uniform motion) and periodic variations (period of
one year), as well as possible jumps in the series. The DIA (Detection Identification
Adaptation) procedure was used to remove blunders. The statistical analysis also
included an estimate of the internal reliability of the time series.

1. Introduction

The presence, in Italy, of permanent GPS stations of the Italian GPS Fiducial Network (IGFN)
of the ASI has the potential of enabling a systematic study of geodynamic phenomena on a
national scale.

This paper deals with a time series analysis of daily solutions of the stations of Medicina,
Genoa, Noto, Turin, Cagliari, Perugia and Venice with respect to the station of Matera, in order
to verify if, and with what reliability, it is possible to constrain relative movements of these
stations with respect to Matera (Fig. 1). The phases of the study were: processing of the GPS data,
transformation of the results to the ITRF2000, calculation of the series for the north, east and up
components (in the local reference system of each station), formulation of a model to interpolate
them, estimation of its parameters and statistical analysis of the results.

2. GPS data processing

The 1997, 1998 and 1999 data for the permanent GPS stations were supplied by the GeoDAF
centre of the ASI, while the data for the precise ephemerides (in sp3 format) were obtained via
FTP from the IGS. They were processed with the BPE module of the Bernese software v.4.2; the
calculation was carried out via the standard procedure outlined in the software manual
(Hugentobler et al., 2001). A preliminary iono-free solution was calculated to check for the
quality of the data. The ambiguities were estimated with the QIF method, and the station
coordinates and their variance-covariance (VC) matrix were calculated. The baselines used in the
calculation corresponded to the maximum number of data (according to the OBSMAX scheme).
An elevation cut-off angle of 10° was adopted for the data processing. The Datum was fixed on
the basis of the Matera station coordinates: for each daily solution, the Matera coordinates were
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determined by updating the ITRF values at the time of the solution (ITRF94 for the period
01/01/1997-28/02/1998, ITRF96 for the period 01/03/1998-31/07/1999 and ITRF97 for the
period 01/08/1999-31/12/1999), on the basis of the velocity field provided.
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Fig. 1 - Baselines for the study of the possible movements of permanent GPS stations with respect to the station of
Matera (MATE 12717M003).

3. Time series computation

The station coordinates and VC matrices obtained from the BPE processing were expressed in
the ITRF2000 following the guidelines in the IERS Technical Notes 32 (Boucher and Altamimi,
2001; McCarthy and Petit, 2003). The estimated coordinates were used to form the baselines (i)
of all the stations with respect to Matera, for each daily solution (/) [Ax(#), Ay(t,), Az(t,)]'. For
value [Ax,(t,), Ay(t,), Az(t,)], the reference for the baselines at epoch 1997.0, we used the value
deduced from the ITRF2000 (file ITRF2000_GPS.ssc):

Axi(to) = Xiyrrr 2000 XMATE e 2000
Ayi(tO) = yilTRF 2000 yMATE[TRF 2000 (l)
Az(1y) = Zigrre 2000 — EMATE e 2000
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The time series of the variations were produced for each baseline:
ox(t) = Ax(t;) — Axi(ty)

(1) = Ayt — Aydty) 2
dz(t;) = Az(t,) — Az(t,)

The values were subsequently transformed into [n(%)), e(t;), ut)]’ within the local reference
system of each station. Similarly, the VC matrices of the coordinates obtained with the daily
solutions (Q; , the subscript x indicates that the matrix is expressed in the ITRS) were also
expressed in the local system (Q; ). In this phase, we hypothesized that the VC matrix of the
vectors [Ax(ty), Aviio), Az(t)] is O, (to) = 0Vi.

3x3

4. Behaviour and interpolation model of the time series

The behaviour of the series is reported in Fig. 2: a secular trend (linear trend in first
approximation) is overlapped by a periodic trend and there are jumps in the series. The secular
trend can be approximated to uniform motion for all three components; the periodic trend, or at
least the most obvious one, has a roughly one-year period (Kleijer, 2002). The jumps in the series
are due to changes of the GPS instrumentation (antenna, receiver) or to updating of the GPS
receiver’s firmware. Therefore, the model chosen to interpolate the series is a kinematic model
overlapped by a periodic model (period of one year), plus a model to account for jumps in the
series:

(1) = nfty) + v, (L) — 1p) + a,sen(@t; + @,;) + zsr/fi(t)
k<t

(1) = efte) + vt)(t; — 1) + asen(at; + @,) + 2. s5(0) 3)
k<t

(1) = ulty) + v, (t)t; — 1) + a,;sen(@t; + @,;) + zsrlji(t)
kt<t;

The linearized model is Ax + e = y and the parameters of the model are

X = ( (ni(ZO)’vni3ani’€0ni""’sﬁi"“) (ei(tO)ﬁvei’aei’(pei""’sle(i"“) (ui(tO)’vui ’aui’(pui""’sl]:i"") )t

subdivided by station and according to the north, east and up components. n,(%,), e(%,), u(t,), are
the values of the model at epoch ¢, = 1997.0, v,;, v,;, v,; are the velocities of uniform motion of
the model a,;, a,;, a,;, are the amplitudes of the periodic model ¢,;, ¢,;, @,;, are its phases and
sk sk, sk are the possible jumps in the series (for the i-th station). The corresponding Gauss-

Markov model (GMM) is:

E(y)=Ax
{ D) =0, “)
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where y = (... n() e{?;) u(t) ...)" is the vector of the observations, consisting of the time series

and
Q(tj) 0 0o .
o =(- 0 QO..f(y) o . 5
0 0 Qu.(1) - ®

is the VC matrix. The parameters of the model are estimated by the least-squares.

MATE 12734M008-CAGL 12725M003
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Fig. 2 - Behaviour of the time series, example of the CAGL1275M003 station.
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5. Statistical analysis of the results

The statistical analysis consisted of two phases: in the first, blunders present in the series were
removed; in the second, the internal reliability of the series was estimated in terms of the MDB
(Minimal Detectable Bias; Baarda, 1968; Teunissen, 1998, 2000), the smallest error recordable in
an observation.

5.1. Statistical tests for the removal of blunders

The DIA procedure (Detection Identification Adaptation; Teunissen, 1998, 2000) was used in
the first phase of the statistical analysis. In the Detection phase, the Overall Model Test (OMT,
or global test) is used to assess the validity of the null hypothesis [Eq. (4)]. Possible errors in the
GMM are identified in the Identification phase and are removed in the Adaptation phase. In
general, errors could be related to the hypothesized interpolation model (if it fails to adequately
explain the behaviour of the series) or to blunders in the data. In the present study, we only
considered the second hypothesis, with the awareness that the model chosen to interpolate the
series provides only a first approximation interpretation.
The null hypothesis (H,;) formulated on the basis of model (4) is:

Hy:y~N(AxQ,) (6)

If the OMT rejects the null hypothesis, an alternative hypothesis (H,) can be formulated:

X
v 0, (7

to which the GMM corresponds:

Hy:y~N|(4C,)

E(y)=Ax + C)V
{ D(y) =0, ®)

The vector C,V represents the model of the error in the GMM [Eq. (4)]. After specifying the
matrix and vector, a test can be performed to evaluate the effective presence of such error
(Identification). We considered two types of blunders in the series. The first type corresponds to
an error affecting only one component of the series of a station; the vector C,V is constructed
by setting V equal to the scalar V_,(%), i.e. the magnitude (unknown) of the error in the series
of station i at time 7, allowing ¢ = n, ¢, u to vary so as to perform the test on all three
components of the series for that station. The corresponding matrix C, is reduced to vector:

C,Ct)=c, () =(0 .. 1..0y )

By varying element / in vector ¢, (7)), all the observables of vector y (hence all the series of
all the stations) are tested one at a time. The second type of test corresponds to an error
contemporaneously affecting all three components of a time series solution of a given station. To
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construct the model of error C,V, we set V =V () = [V, () V() V,(2)]', and the matrix
becomes:

0..100..0]
Cit)=10..010..0 (10)
0..001..0

As in the previous case, by varying the (3x3) identity matrix [shown in the Eq. (10)], from a
north, east, up system of one solution to another, all the observations of vector y are tested in
groups of three. The first test is one-dimensional in that it searches for an error that affects only
one observable: in the present context, an observable is a component (north, east or up) of a daily
solution of one of the stations. The second test is three-dimensional in that it is believed that the
error affects all three components of a daily solution of a station.

5.1.1. Execution of the statistical tests

The OMT for the Detection phase consists in computing the statistic

Al -1 4
, €0¢ (11)

8y =

m_

where é is the vector of the least-squares residuals. The statistic T, , = s¢ (m-n) is distributed
according to a central y* with m-n degrees of freedom 7, ,~ x,2,, . When the level of significance
« of the test is fixed [e.g. with the B-method (Baarda, 1968; Teunissen, 2000), in this case the
OMT and the tests for blunders have the same non-centrality parameter and the same power] and
its corresponding critical value &, is defined, the null hypothesis is rejected if 7, >k, = X2 .. -
This means that there is at least one blunder among the observables. If this occurs, statistics are
constructed for the one-dimensional test (station 7, time #, component ¢ = n,e,u)

- (C;C%/Q;]é‘)z

= (12)
i, 1 -1 -1,
C,V(-,i.jQy QC’ y (/,"( kN
and for the three-dimensional test (station i, time #)
T = 805Gl Gy 05100, ' Gy O (13)

for the localization of the blunders (Identification). Q, indicates the VC matrix of the residuals.
Statistic (12) is distributed according to a y?; when the level of significance o of the test is fixed
and the critical value k, , is defined, the null hypothesis is rejected if T, i >k, - Statistic (13)
is distributed according to a y?; when the level of significance ¢ of the test is fixed and the
critical value k, 5 is defined, the null hypothesis is rejected if 7, ,3] >k, 3- The observations that

cause the tests to fail are then removed from the series (Adaptation).
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5.2. Internal reliability of the series: Minimal Detectable Bias

Internal reliability is a measurement of the amount of errors in the measurements that cannot
be detected by the statistical tests. The value of the smallest blunder in a measurement (or group
of measurements) that can be detected by a test is called the Minimal Detectable Bias (MDB). In
this study, the value of MDB was estimated only in the one-dimensional test for the components
north, east and up of the series, with the formula (Teunissen, 2000):

A'()
¢ 000, (14)

Yei Yedi

1
cu.j

where A, is the non-centrality parameter of the distribution y7 (for the chosen level of
significance ¢ and the power of the test 7).

6. Results

The results are considered as preliminary. Fig. 3 refers to the series for the Noto station; it also
reports the respective interpolation models.

MATE 12734M008-NOTO 12717M003
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Fig. 3 - Time series and model for the NOTO 12717M003 station.
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6.1. Parameters of the model
The values of the estimated parameters of the model are reported in the Tables 1 to 4.

Table 1 - Estimated values of the model at epoch 1997.0.

Station n(ty) (mm) e(ty) (mm) u(ty) (mm)
MEDI 12711M003 -4.0+0.1 0.8+0.1 -6.3+0.7
GENO 12712M002 0.9+1.0 0.2+0.7 2.6+6.0
NOTO 12717M003 1.0£0.1 1.8+0.1 3.2+0.8
TORI 12724M002 -4.4+0.2 3.3+0.2 -7.8£1.3
CAGL 12725M003 -0.8+0.1 2.3+0.1 -0.2£0.7
UNPG 12752M001 -5.3+0.5 0.4+0.4 130.6+2.8
VENE 12741M001 -2.920.1 -1.70.1 -29.3+0.9

Table 2 - Estimated velocities of the stations with respect to the Matera station.

Stazione v, (mm/year) Vv, (mm/year) v, (mm/year)
MEDI 12711M003 -2.0+0.1 2.4x0.1 0.0+0.5
GENO 12712M002 -5.2+0.5 1.7+£0.4 -3.8+3.0
NOTO 12717M003 -0.1+0.1 -1.3+0.1 -1.2+0.8
TORI 12724M002 -7.4+0.2 0.6+0.2 51+1.2
CAGL 12725M003 -5.2+0.1 0.4+0.1 2.5+0.5
UNPG 12752M001 -3.3x0.3 -0.7+0.2 -2.9+1.9
VENE 12741M001 -2.1+£0.1 -0.6+0.1 -8.5+0.8

Table 3 - Estimated amplitudes of the periodic model.

Station an (mm) ae (mm) au (mm)
MEDI 12711MO003 2.4+0.1 2.8+0.1 1.0+£0.5
GENO 12712M002 2.1£0.1 1.4+£0.1 6.0+1.1
NOTO 12717M003 1.50.1 1.320.1 2.4+0.6
TORI 12724M002 0.8+0.1 2.320.1 4.6+0.6
CAGL 12725M003 0.8+0.1 2.9+0.1 3.6+£0.5
UNPG 12752M001 0.9+0.1 1.0+£0.1 0.0+£0.8
VENE 12741M001 2.9+0.1 3.5+£0.1 3.1£0.6

Table 4 - Estimated phases of the periodic model (expressed in days).

Stazione @, (days) Q. (days) @, (days)
MEDI 12711M003 153+2 299+2 46+28
GENO 12712M002 10045 293+3 417
NOTO 12717M003 10+3 269+4 16£12
TORI 12724M002 105+9 305+3 65+8
CAGL 12725M003 290+6 27442 19+8
UNPG 12752M001 133+10 297+6 22549
VENE 12741M001 99+2 259+1 69+10
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The periodical signal (with one-year period) was introduced in the model to enable a rough
interpretation of the periodicity present in the time series. Therefore, at the present level of
investigation, it is difficult to detect significant correlation among the signals of the stations by
analysing the estimated parameters of the periodical model. Only the component @, seems to
indicate some coherence.

6.2. Comparison of the estimated velocities with the ITRF2000 velocities

The estimated velocities were compared with those obtained from the ITRF2000 (file
ITRF2000_GPS.ssc). Tables 5 and 6 report the velocities relative to the Matera station calculated
on the basis of the ITRF2000 values and the differences from the values obtained in the time
series analysis.

Table 5 - Velocities relative to MATE 12734M008, deduced from published values for the ITRF2000
(ITRF2000_GPS.ssc).

Station v, (mm/year) Vv, (mm/year) v, (mm/year)
MEDI 12711M003 -3.6 0.8 -2.7
GENO 12712M002 4.4 -0.2 -1.1
NOTO 12717M003 -0.6 -1.9 1.1
TORI 12724M002 -7.3 -1.7 3.6
CAGL 12725M003 -5.7 -0.5 3.6
UNPG 12752M001 -1.7 0.2 445
VENE 12741M001 -4.4 -1.8 7.4

Table 6 - Differences between the velocities estimated in the present study and the ITRF2000 velocities.

Station v, (mm/year) v, (mm/year) v, (mm/year)
MEDI 12711M003 -1.6 -1.6 -2.7
GENO 12712M002 0.8 -1.9 2.7
NOTO 12717M003 -0.5 -0.6 2.3
TORI 12724M002 0.1 -2.3 -1.5
CAGL 12725M003 -0.5 -0.9 1.1
UNPG 12752M001 1.6 0.9 47.4
VENE 12741M001 -2.3 -1.2 15.9

The absolute values of the differences in » and e shown in Table 6 are less than 3 mm/year;
high differences in u are present for the Perugia and Venice stations. In the case of the Perugia
station, a remarkable value for the ITRF2000 velocity appears along the up component.
Processing of the data for the years after 1999 will allow us to improve the quality and the
reliability of these results. Table 6 shows that some differences between the estimated values of
the velocities and those from ITRF2000 significantly exceed the standard deviation.
Nevertheless, more investigations are necessary to state the significance of such differences
because, as known (Mao et al., 1999; Barzaghi et al., 2002, 2003; Caporali, 2002, 2003a, 2003b),
the least-square standard deviation estimations could be underestimated by a factor of 4, if only
white noise is assumed to be present in the series.
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6.3. Estimate of the jumps in the series

The values of the jumps are reported in Table 7. Jumps were usually due to changes in
instrumentation (antenna, receiver, firmware) at one of the stations. When the instrumentation
was changed at the Matera station, the jump was present in all the time series.

Table 7 - Estimated values of the jumps in the time series. The first column reports the station whose series presents
the jump. When the jump is due to a change in instrumentation at the MATE 12734M008 station, the initials MATE

appear in the first column (A = change of antenna, R = change of receiver).

Station jd year jumpN (mm) | jumpE (mm) | jumpU (mm) Reason
VENE 274 1997 -5.5+0.2 0.8+0.2 39.5+1.4 AR
TORI 194 1998 -5.5+0.3 3.8+0.2 -89.2+1.5 A
NOTO 211 1998 -3.2+0.2 -2.7+0.2 -3.1+14 AR
UNPG 327 1998 0.1+0.3 -0.5+0.2 -15.3£1.9 -
TORI 13 1999 6.1+0.2 -6.2+0.2 86.8+1.3 -

MEDI-MATE 169 1999 1.6+0.2 -5.0+0.2 -0.6+1.3 AR
GENO-MATE 169 1999 2.7+£0.5 -5.7+0.4 4.4+3.0 AR
NOTO-MATE 169 1999 3.1+0.2 -4.4+0.2 0.7+1.4 AR
TORI-MATE 169 1999 3.8+0.3 -4.1+0.3 -2.3+1.8 AR
CAGL-MATE 169 1999 3.5+0.2 -4.6+0.2 3.5¢1.3 AR
UNPG-MATE 169 1999 2.8+0.3 -4.1£0.2 4.3+1.5 AR
VENE-MATE 169 1999 2.3+0.3 -4.1+£0.2 14.6+1.8 AR
VENE 237 1999 -0.2+0.3 -0.2+0.2 -50.0+2.1 -

The reasons for the jumps indicated in Table 7 are, in most cases, in agreement with the

information present in the logbooks of the permanent stations.

6.4. Results of the statistical analysis

The level of significance (0;=0.0001) and the power of the tests (y=0.80) correspond to
extremely conservative tests with regard to the elimination of observations: in this preliminary
time series analysis, we tried to reject the smallest number of data. The results of the statistical

MATE 12734M008-MEDI 12711M003

MATE 12724M008-MEDI 12711M003
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Fig. 4 - Test quotient values before (left) and after (right) removal of blunders from the series of the MEDI 12711M003
station (three-dimensional test).
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analysis also include the values of the test quotients, i.e. the ratios of the statistics 7, and T},
and their respective critical values k, , e k, 5 . Fig. 4 reports the values for the three-dimensional
test quotients calculated for the Medicina station (before and after removal of the solutions
affected by blunders in the series). For this station there are periods with high test quotient values,
indicating that the blunders are concentrated in those time spans.

The MDB values appear to indicate the possibility of performing less conservative tests. Some
solutions, apparently affected by blunders, were not rejected by the tests, as reported for the Noto
station in Fig. 5. In this case, the low internal reliability of the measurements (high MDB values)
can perhaps be attributed to rather imprecise solutions.

MATE 12734M008-NOTO 127170003
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Fig. 5 - Internal reliability for the series of the NOTO 12717MO003 station. Some solutions seem to be affected by
blunders but were not rejected by the tests (left). These solutions are associated with high MDB values (right).

6.5. Residuals of the time series

We have not yet made a detailed analysis of the residuals. However, Fig. 6 seems to indicate
the presence of other signals in the series, presumably periodic and with frequencies different
from the annual one.

7. Conclusions

The present research was aimed at designing and testing a procedure for time series analysis
of daily solutions of permanent GPS stations. The results show that a possible motion of the
stations can be interpreted, in first approximation, by a kinematic model combined with a
periodic model with a one-year period. The correct calculation of the parameters of these models
required the addition of a third model to account for jumps in the series. After adding the values
of jumps to the unknowns, it was possible to determine the parameters of the models and to
establish the magnitude of the jumps in the series, even without a priori information about them.
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The statistical analysis revealed that a mismodelled phenomenon may be present in the residuals,
therefore it is necessary to make an improvement in the interpolation model. Processing of the
data for the years after 1999 will allow us to improve the reliability of the model and its
parameters. The values obtained for nt,), e(t,), u(t,)) (£,=1997.0) and for the velocities (v,;, v,;,
v,; ) are highly dependent on the availability and quality of the data.
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Fig. 6 - Values of the residuals for the series of the VENE 12741M001 station.

Acknowledgments. This paper was presented during the 22" GNGTS General Assembly (Rome, November
2003). We thank the GeoDAF centre of the ASI and Dr. Francesco Vespe for providing the data for this
study. This research was part of the National Project “Ricerca Strumenti, metodologie operative e
innovatrici per il rilievo e la gestione dei Beni Culturali a supporto della redazione della Carta del Rischio”
co-financed by MURST for 2002.

96



Time series analysis of daily solutions of IGFN permanent GPS stations Boll. Geof. Teor. Appl., 46, 85-97

REFERENCES

Baarda W.; 1968: 4 testing procedure for use in geodetic networks. Netherlands Geodetic Commission, Publications
on Geodesy, New series, Delft; vol. 2, No. 5, 97 pp.

Barzaghi R., Borghi A., Crespi M., Giannone F., Pietrantonio G. and Riguzzi F.; 2002: Analisi delle serie temporali di
stazioni permanenti GPS. In: Gruppo Nazionale di Geofisica della Terra Solida, 21° Convegno Nazionale,
Riassunti Estesi delle Comunicazioni, Tipografia Mosetti, Trieste, pp. 268-270.

Barzaghi R., Borghi A., Crespi M., Pietrantonio G. and Riguzzi F.; 2003: Le auto e le cross correlazioni delle serie
temporali delle stazioni permanenti GPS. In: Gruppo Nazionale di Geofisica della Terra Solida, 22° Convegno
Nazionale, Riassunti Estesi delle Comunicazioni, Tipografia Mosetti, Trieste, pp. 275.

Boucher C. and Altamimi Z.; 2001: Memo: Specifications for reference frame fixing in the analysis of a EUREF GPS
campaign. http://lareg.ensg.ign.fr/EUREF.

Caporali A.; 2002: Statistical analysis of the time series of permanent GPS stations. In: Gruppo Nazionale di Geofisica
della Terra Solida, 21° Convegno Nazionale, Riassunti Estesi delle Comunicazioni, Tipografia Mosetti, Trieste, pp.
270-272.

Caporali A.; 2003a: Analisi statistica di serie temporali di coordinate di stazioni permanenti GPS della rete EUREF.
In: Gruppo Nazionale di Geofisica della Terra Solida, 22° Convegno Nazionale, Riassunti Estesi delle
Comunicazioni, Tipografia Mosetti, Trieste, pp. 276-277.

Caporali A.; 2003b: Average strain rate in the Italian crust inferred from a permanent GPS network — I. Statistical
analysis of the time-series of permanent GPS stations. Geophys. J. Int., 155, 241-253.

Hugentobler U., Chaer S. and Fridez P.; 2001: Bernese GPS Software Version 4.2, software manual. AIUB, Berne,
515 pp.

Kleijer F.; 2002: Time series analysis of the daily solutions of the AGRS.NL reference stations. In: Proc. of the IAG
Symposia; Vertical Reference Systems, Cartagena, Colombia, 20-23 February 2001, Vol. 124, pp. 60-65.

Mao A., Harrison C.G.A. and Dixon T.H.; 1999: Noise in GPS coordinate time-series. J. Geophys. Res., 104, 2797-
2816.

McCarthy D.D. and Petit G.; 2003: /ERS Technical Notes 32. IERS Convention (2003). ftp://maia.usno.navy.mil/
conv2003/.

Teunissen PJ.G.; 1998: Quality control and GPS. In: Kleusberg A. and Teunissen PJ.G. (eds), GPS for Geodesy, 2"
edition, Springer-Verlag, Berlin Heidelberg New York, pp. 271-318.

Teunissen PJ.G.; 2000: Testing theory: an Introduction. Series on Mathematical Geodesy and Positioning, Delft
University Press, Delft, 147 pp.

Data:
ftp:// igs.ifag.de, http://geodaf.mt.asi.it,
http://lareg.ensg.ign.fr/ITRF/ITRF2000/results/ITRF2000_GPS.SSC

Corresponding author: Nicola Perfetti
Dipartimento di Ingegneria, Universita degli Studi di Ferrara
Viale Saragat 1, 44100 Ferrara
phone: 0532/974857; fax: 0532/974870; e-mail: nperfetti@ing.unife.it

97



