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Abstract

The paper presents the method of GNSS (Global Navigation satellite System) permanent stations control by the monitoring of local ties
between GNSS and SLR (Satellite Laser Ranging) stations. Co-locations are defined as two or more instruments occupying very close
locations, which are very precisely surveyed by ground measurements in all three dimensions. The vector determined by classical or
satellite methods is called a local tie. Every change of stations position obviously results in change of local tie value. The comparison of
two independent stations’ coordinates enable to distinguish the real movement of one of the stations, potential processing errors and
equipment malfunction.

The analysis were based on the data from several globally distributed GNSS-SLR sites. The data gathered between 19962012 by these
two techniques were processed using coherent strategies (the same models and parameters were used). Monthly orbital arcs for laser
observations were created basing on solutions from several SLR stations with the best solutions quality and the highest amount of
observations. For GNSS stations coordinates determination about 130 sites belonging to the IGS (International GNSS Service) were
selected: 30 with local ties to SLR sites and others basing on their geolocalization and solutions time series analysis. The GNSS and SLR
station coordinates were expressed in ITRF2008 for the epoch of 2005. The GNSS solutions were reduced to the SLR markers positions
using local ties values and then expressed in topocentric frame NEU for better interpretation.

The analysis of differences between SLR and GNSS NEU coordinates proved that mutual control of two techniques can be helpful in
detection of problems at specific GNSS stations like e.g. equipment failure or improper GNSS antenna’s calibration. Comparisons of
different techniques results enable to distinguish stations specific causes of coordinates discontinuities and phenomena with wider range
like earthquakes. In case of temporal disturbances the proper actions can be taken, but the permanent change of the coordinates force the
necessary of another local tie determination, because of the importance of inter technique connection for global reference frame
construction.
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1. Introduction

GNSS (Global Navigation Satellite System) permanent stations are widely used for reference system realization, therefore
every change of their position should be reflected in the update of their coordinates, because it has an impact on the
accuracy of differential measurements. Besides exact localization, they serve as the reliable and dense input for
geodynamical models, as their velocities are determined on the basis of the long periods of observations. The paper
describes the method of GNSS permanent stations monitoring by the means of comparison between the GNSS and SLR
(Satellite Laser Ranging) stations coordinates. This method can strengthen and supplement the monitoring of coordinates
with reference to their most reliable values (e.g. mean values calculated on the basis of long-term observations or
cumulative solution [1]). The joint processing of various techniques is currently very up-to-date subject. Analysis of GNSS
and SLR observations performed for TRF determination described e.g. in [2] but they concerned mainly SLR observations
of GNSS satellites equipped with laser reflectors.

Co-locations are defined as two or more instruments occupying very close locations, which were very precisely surveyed
by ground measurements in all three dimensions. The vector determined by classical or satellite methods is called a local tie.
The local ties have a very significant role in construction of global reference frame e.g. ITRF2008 [3], so there is a very
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strong need to determine them with the highest possible accuracy. Every change of stations position obviously results in the
change of local tie value.

The main problem concerning the coordinates monitoring is the interpretation of the reasons of their changes. They can
be related to the hardware malfunction, errors in the processing, some external phenomena like earthquakes and many
others. The most important matter is to distinguish the real movement of the stations and changes of the coordinates caused
by other factors usually strictly connected to the one technique. One of the best method is to compare the results
(coordinates) of two independent stations. Use of stations, which gather the different kind of data (like GNSS and SLR), can
be especially fruitful here.

2. Methodology

The GNSS and SLR data gathered by selected IGS (International GNSS Service, [9]) and ILRS (Internationa Laser Ranging
Service, [10]) stations were processed separately using consecutively Bernese 5.2 [5] and Geodyn-II [6] software. The main
goal of the processing was to obtain the result (coordinates and velocities) using the coherent processing strategy in terms of
using the same parameters and models (in agreement with the [7]) and to verify their agreement. According to the GGOS
(Global Geodetic Observing System, [8]) requirements, the accuracy of measurements made using global techniques should
not exceed 1 centimetre. Strategies of SLR and GNSS processing were described in details in [4]. For analysis data gathered
by selected IGS and SLR stations in the period 1996-2012 were used. Only LAGEOS-1 and LAGEOS-2 data were used to
determine SLR coordinates. Monthly orbital arcs for laser observations were created using solutions from several SLR
stations with the best solutions quality and the highest amount of observations. It led to the SLR solutions with temporal
resolution of 1 month. Strategy of GNSS processing was in accordance with IGS and EUREF recommendations. The main
problem concerned processing of the global network for the data gathered between 19962000 because of small number of
stations. It caused very long baselines and made determination of ambiguities impossible. Because of that, the whole global
network was divided into 7 smaller subnetworks with continental range. The subnetworks were processed separately. At the
end they were combined together using ADDNEQ2 module of Bernese software.
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Fig. 1. Global distribution of the stations with GNSS and SLR sites related using local ties (stations analyzed in the frame of local ties monitoring) [4]

The GNSS and SLR station coordinates were expressed in orto-Cartesian, geocentric XYZ coordinates (ITRF2008 for the
epoch of 2005). The GNSS solutions were reduced to the SLR markers positions using local ties values and then expressed
in topocentric frame NEU for better interpretation. The local ties values were taken from ITRF2008 or, in some cases, from
other sources (e.g. reports from measurements conducted for the local tie determination). The analysis and comparisons
were performed for GNSS and SLR NEU time series for each collocation station (Fig. 1). They were performed mainly to
compare the quality of the both technique results, but it clearly appeared that such comparison is a very good method to
notice different kinds of problems appearing at GNSS and SLR stations and to estimate their importance.

3. GNSS stations monitoring by comparison with SLR

Analysis were conducted on the basis of GNSS and SLR NEU time series for each collocation station. Local ties are defined
as two or more stations (co-location stations) gathering data using various techniques, which mutual position was
determined very precisely using classical or GNSS method. Topocentric NEU values were calculated with the reference to
the SLR marker and its coordinates expressed in the ITRF2008. The assumption is that both GNSS and SLR stations should
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give the same results if there is no external problem affecting the stations activity and the equipment works correctly (as the
strategy of both type of data was coherent). Comparing two types of data allows to verify them and to distinguish the real
movement of the stations and changes of the coordinates caused by other factors usually strictly connected to the one
technique. Comparing coordinates in near real time could help to avoid long-term equipment problems and take the proper
action to eliminate the reason of the problem. It is a common fact that GNSS plays a control role for the SLR station, as the
GNSS technique is much cheaper and, as a consequence more common, but the verification of the data correctness is of
course mutual.

When analyzing the NEU time series, the systematic error of local tie measurement has to be taken into consideration. It
is assumed that accuracy of local ties measurements is unlikely to be less than 3 mm, mainly because of the difficulties with
the reliable and precise reference point determination. In practice, many of the differences between ground measurements
and values calculated by each technique data processing turn out to be significantly larger. Such error can be clearly seen in
NEU time series as the systematic shift between both types of results. Monitoring of the local ties values is the important
issue, especially for the preparation of the next ITRF (ITRF2013), but it is not a subject of this paper. The goal of this paper
is to show that investigation of co-location stations is a great method of controlling both GNSS and SLR coordinates.
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Fig. 2. Time series of NEU components of the GNSS station HERS (green) and SLR station 7840 (blue). On the left (a) the coordinates change resulted
from the antenna failure can be observed. On the right (b) time series without unreliable values are presented

One of the best examples of the necessity of mutual control is site consisting of GNSS station HERS and SLR station
7840 (Herstmonceux, United Kingdom). In the first half of 1999 a significant change of GNSS coordinates (30 millimetres
for East and Up components) can be observed, while SLR results did not change (Fig. 2a). According to the [11], the reason
of coordinates change was antenna failure — signals reception was dependent on its azimuth orientation. This defect was
eliminated in September 2001 [12], so it caused more than two years of gap in the HERS data series. Comparing the GNSS
and SLR data gives the exact answer about the reason of such effect — it could not be related to any external disturbance, as
it would had an impact both on GNSS and SLR positions. In the second half of 2010 anther discontinuity in GNSS
coordinates can be observed. This time it is probably caused by the change of the antenna in September. Such discontinuity
should be followed by another local tie determination mainly for the next ITRF construction purpose.

The possibility of mutual control of GNSS coordinates increases with the number of co-located instruments working in
the same time. Figure 3a presents time series of NEU coordinates of three different instruments: GNSS GRAS station
(green) and two SLR stations: 7835 (navy blue) and 7845 (blue) in Grasse, France. Unfortunately, SLR stations did not have
common period of measurements, but both of them can be used as a control for the GNSS one. Up to 2001 the good
agreement in all components between both time series can be observed. In 2001 about 25 millimetres difference occurred
between GRAS and 7835 Up components, but as the discontinuity concern SLR coordinates it is more likely that this effect
is caused by some changes at SLR station. The new SLR station 7845 launched in 2008 shows the very good agreement in
all three components with the GNSS coordinates.
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The GNSS-SLR site in Yaragadee (Australia) consists currently of GNSS YAR2 (green) and 7090 SLR stations
(Fig. 3b). Up to 1998 the second GNSS station YARI was in operation (grey), so in that time coordinates of two GNSS
(GPS only on that time) stations can be compared. They were not totally separate instruments, as they shared the same
antenna, so the reference point was the same for both YAR1 and YAR?2 (they had different receivers). Anyway, it does not
prevent from some differences in coordinates. The agreement in horizontal components between YAR2 and 7090 is very
good for the whole time of observations, but there are some differences concerning Up component especially before 2002.
Both types of time series show oscillations, but they can be more clearly seen in GNSS solutions because of the smaller
discrepancy.
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Fig. 3. On the left (a) — time series of NEU components of the GNSS station GRAS (green) and SLR stations 7835 (navy blue) and 7845 (blue).
On the right (b) time series of the YARI (grey), YAR2 (green) and 7090 (blue) site

Another example of multi-station is at the Australian Capital Territory. The distance between 7843 and 7825 is about 36
kilometres. Time series of 7843, 7849 and 7825 were presented both in the Fig. 4a and Fig. 4b (consequently marked with
grey, navy blue and blue). Figure 4a presents also GNSS STRI, while Fig. 4b GNSS TIDB solutions. They were not
presented on the same figure, as there is no local tie measured between STR1 and TIDB. The agreement between GNSS and
all SLR stations is very good except for the Up component of 7843 SLR station. The disagreement can be observed when
compare 7843 topocentric coordinates with all four other stations, so it rather proves the imperfection of the local tie for this
station. The gap in 2003 was caused by a serious Canberra fires, which harmed Mount Stromlo site. It explains some change
in Up component of the STR1 station. The 7825 replaced 7849, but when comparing its coordinates to the TDB station (not
harmed by the fire) it is clearly seen that then new instrument was placed in the exact position of 7849.

As it was mentioned before, the control between SLR and GNSS is mutual, so GNSS time series can be a base for
detection of some internal problems affecting SLR station. The example is given in Fig. 5a for the station in Wettzell
(Germany). Both horizontal components of GNSS WTZR and SLR 8834 are in accordance, while some disturbances can be
noticed in SLR time series of Up component in 2009-2010. Changes of the resulted coordinates reach the value of 40
millimetres, when there is no alarming change occurring in GNSS time series in that time. The coordinates stabilized after
two years in 2011.

The special care should be put on the stations affected by earthquakes. They can caused some serious discontinuities, not
only in coordinates time series, but also in stations velocities. Depending on the strength of the earthquake, time when
station stabilize its position can take even up to a few years. When two instruments are placed near to each other the change
in their coordinates should be comparable. Figure 5b presents time series of Monument Peak site (USA) GNSS MONP and
SLR 7110 stations. The earthquake took place in 2010 causing 20 millimetres change of the East GNSS component. It can
be clearly seen that position of this station was changing until at least 2012 (analysis stopped here). Similar, but less visible,
because of the higher scatter, effect can be observed for SLR East component. There is also some stronger linear trend in
MONP Up component (probably also related with the earthquake), but it cannot be seen in 7110 vertical coordinates. This
should be investigated using also the data from 2012 and 2013.
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4. Conclusions

The analysis of the SLR and GNSS position time series proves that stations located in close area can play a role of mutual
control of coordinates. The goal of the paper was to show the possibility of GNSS monitoring using other techniques, but
generally it concerns all types of instruments working as one site (one observatory). GNSS technique can be even more
appropriate for this purpose in some cases, because of smaller discrepancies of the solutions and usually higher temporal
resolution of obtained solutions. On the other hand, coordinates determined using GNSS technique are strongly related to
the processing process and differential approach (if applied), so other source of information is helpful to verify its solutions.

The analysis of coordinates determined using data from two different techniques helps in detection of problems at
specific stations like e.g. equipment failure or improper GNSS antenna’s calibration. In general, comparisons of different
techniques results enable to distinguish between stations specific causes of coordinates discontinuities (HERS-7840
example) and phenomena with wider range like earthquakes (MONP-7110 example). In case of temporal disturbances are
noticed, the proper actions can be taken. The faster the reaction is, the smaller amount of data is lost. The permanent change
of the coordinates should be followed by another local tie determination. The analysis described in the paper gave the
examples how to distinguish the real movement of the stations and changes of the coordinates caused by other factors
usually strictly related to the one particular technique.

As the GNSS technique is relatively cheap, GNSS receivers should be always installed near other techniques instruments
(like SLR or VLBI), especially if they are of high importance e.g. they are used for the ITRF determination. The analysis of
time series can also be used to estimate the quality of local ties, which are crucial for the global reference frame
maintenance.
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