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Abstract It has been demonstrated that precise point

positioning (PPP) is a powerful tool in geodetic and geo-

dynamic applications. As is known, it provides solutions in

the reference system of the satellite orbits. We focuses on

the strategy to transform PPP solutions into the Interna-

tional Terrestrial Reference System (ITRS) by applying a

set of local Helmert transformation parameters obtained

from a regional network rather than using global pa-

rameters. In order to carry out this test, a regional network

composed of 14 stations was analyzed using GIPSY-

OASIS II software, over a period of 6 years. Two solutions

differently aligned to the ITRS were compared in terms of

accuracy, scattering, frequency content and local move-

ments. One solution is aligned to IGb08 through the X-files

provided by JPL, while the other is aligned to the European

reference frame densification of IGb08 using customized

regional X-files. Therefore, both are updated realizations of

the ITRS. The test shows that a regional, instead of a

global, alignment to the ITRS can significantly improve the

repeatability of the solutions. A small improvement can

also be found in terms of agreement with the regional

densification of IGb08. The analysis of the signal content in

the differently aligned time series allowed some differ-

ences to be found, in terms of both frequency and magni-

tude. These differences are mainly due to an evident

common signal that is defined for the whole area and which

is removed when using regional alignment. Finally, resi-

dual scattering was calculated after removing the modeled

signals from each time series, which results in a scatter

being significantly smaller for the regional solution than for

the global solution. In order to obtain these results, the

choice of the reference stations is a major question and

therefore discussed in detail.

Keywords Precise point positioning � GIPSY-OASIS II �
Regional GNSS networks � ITRS � Time series analysis

Introduction

Positioning by means of global navigation satellite system

(GNSS) is one of the most widely used techniques in

monitoring reference frames, plate motion, landslides and

structures and mapping. The use of this system can vary in

terms of data processing strategies, which depend on the

applications. For each objective, there is a different opti-

mum reference frame to be considered. For example, the

adoption of a local reference frame can be the best choice

for monitoring structures, while, for plate motion studies, a

global reference frame is preferable. Moreover, the

definition of an accurate and stable global reference frame

has been a main focus of the geodetic community for the

last 20 years. The International Terrestrial Reference Sys-

tem (ITRS) is realized by means of a terrestrial reference

frame, updated over time following newly available tech-

niques and knowledge. Over recent years, the more reliable

global reference frames were ITRFyyyy, successively up-

dated into IGSyy and IGbyy using GNSS techniques. At the

present time, IGb08 is the latest frame realization available

(Rebischung 2012). All these reference frames were real-

ized through a list of the mean positions and velocities of a

global network, together with their covariance matrix.

Other regional reference systems based on the ITRS

have also been defined. In Europe, for instance, the
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European Terrestrial Reference System (ETRS) realized by

the European Terrestrial Reference Frame (ETRF) (Al-

tamimi and Boucher 2002) is the commonly adopted ref-

erence in many countries and used in their national

geodetic networks. In Italy, ETRF2000 (epoch 2008.0) was

adopted as the ‘‘new official national reference frame’’ in

2012 and is based on a densification network called Rete

Dinamica Nazionale (RDN) (Barbarella et al. 2009),

formed by 99 stations uniformly distributed along the

Italian peninsula and in neighboring countries. RDN in-

cludes stations belonging to the European reference frame

(EUREF) Permanent Network (EPN) (Bruyninx et al.

2001) and some International GNSS Service (IGS) stations.

As for all the geodetic networks that constitute a regional

densification of the reference frame, RDN has to be tied to

the updated global reference frame. In particular, RDN

daily solutions need first to be expressed in IGb08 before

being transformed into ETRF2000, which is achieved

through 14 official Helmert parameters (Boucher and Al-

tamimi 2011).

During the past few years, precise point positioning

(PPP) has achieved performance levels comparable to

those obtainable through the differencing approach (Grif-

fiths and Ray 2009; Bisnath and Gao 2009), especially for

GNSS permanent stations. It is known that PPP produces

solutions that are related to the reference frame of the or-

bits, which constitute, indeed, the only constraint to a

reference frame. In order to move from this reference

frame to others, the relative transformation parameters

have to be computed and applied. This must be carried out

by considering a set of fiducial sites defined in the desired

reference frame.

The alignment of a regional network to a conventional

global reference frame can be performed using the global

network or a regional subset for the area under consid-

eration. A comparison between the two different ap-

proaches was investigated by Legrand and Bruyninx

(2009), and they concluded that a global network was

preferable because the parameters derived from a regional

network were too dependent on the choice of considered

sites.

On the other hand, an alignment based on a small net-

work close to the analyzed area is the best choice for local

monitoring applications (Wang et al. 2014), avoiding most

of the common signals of the reference frame, or mis-

modeling. When evaluating the absolute movements of a

regional network, a local alignment can lead to some loss

of information (Freymueller 2009), but it may yet be a

good choice if the aim is to realize a local densification of

the reference frame.

A main topic is to evaluate the benefits gained from the

strategy of transforming the solutions into a formally de-

fined reference frame, achieved by applying regional

transformation parameters instead of global parameters.

Nevertheless, the impact of this strategy on the suitability

of GPS solutions in other applications, such as geody-

namics, subsidence and structure and landslide monitoring,

is discussed in terms of spectral frequency analysis and the

correlations between the time series. In order to carry out

this work, data derived from a subset of EPN, used to

monitor RDN and covering a period of 6 years, were

processed and analyzed. We used GIPSY-OASIS II version

6.2.1 developed by JPL (Webb and Zumberge 1997).

Keeping in mind the purpose of estimating the consis-

tency with a reference frame, two parameters were iden-

tified and will be discussed. The first relates to the

closeness of the solutions to the IGb08 reference frame.

The second parameter relates to the scattering that defines

the repeatability of the solutions. As reference frame, we

have considered the latest EUREF densification of IGb08

(ftp://epncb.oma.be/epncb/station/coord/EPN/EPN_A_IGb

08.SNX.Z), which is a recent realization of the ITRS in

Europe (release name: EPN_A_IGb08_C1800). This

European solution was adopted as the reference frame and

used to evaluate the consistency of the different solutions.

Data set description

The network being analyzed is a subset of EPN used in the

RDN alignment to the ITRS. The criteria adopted to select

the stations are based on site positions, data quality and

consistency. Applying these criteria, only EPN class A

(Bruyninx et al. 2013) stations were taken into consid-

eration and the resulting network was composed of 16

stations located in Italy and neighboring regions (Fig. 1).

The choice of using EPN stations in addition to the IGS

stations was decided by the need to have a sufficient

number of well-distributed sites that could ensure high

redundancy in the estimation of transformation parameters.

This meant that it was not possible to use IGb08.snx di-

rectly as a reference, but rather EPN_A_IGb08.SNX,

which is the updated EUREF densification of IGb08. For

this work, 6 years of daily thirty-second data were pro-

cessed for the period 2007–2012. Due to some issues with

stations ROVE and LAMP, discussed below, the network

actually used was composed of 14 stations.

Geophysical models and boundary conditions
adopted for PPP GPS data processing

GPS data were processed with PPP using GIPSY-OASIS II

version 6.1.2 software. By realizing customized scripts, it

was possible to carry out complete and automatic GPS data

processing. Similar to differenced GPS data processing, in

486 GPS Solut (2016) 20:485–497

123

ftp://epncb.oma.be/epncb/station/coord/EPN/EPN_A_IGb08.SNX.Z
ftp://epncb.oma.be/epncb/station/coord/EPN/EPN_A_IGb08.SNX.Z


a PPP approach, many parameters and boundary conditions

must also be taken into account. These include geophysical

models, antenna phase center calibration, cutoff angle for

satellite observations, GPS ephemeris and ambiguity

resolution. Below are the options selected for the test being

discussed, most being the default parameters suggested by

JPL for GIPSY users:

• Orbits and clocks products: non-fiducial precise FlinnR

orbits from JPL, including information to enable the

single receiver phase ambiguity resolution using

GIPSY-OASIS software (WLPB) (Bertiger et al. 2010)

• Antenna phase center variation: IGS absolute phase

center calibration file (igs08.atx)

• Cutoff angle for observations: 7�
• Tropospheric model: VMF-1 (Kouba 2008)

• Data rate: 300 s

• Smoother option: static solution.

• International reference ionosphere model: 2� order

ionospheric model (Kedar et al. 2003)

• Number of iterations for the ambiguity resolution: 1

• Tide models: solid earth tide (WahrK1, FreqDepLove),

polar tide model (PolTid) and ocean tide model

(OctTid)—GIPSY default option

• Troposphere estimation parameters: random walk, set

to 3 [mm/sqrt(h)] with wet gradient set to 3.6 [mm/h]—

GIPSY default option

In the following, we will give the name ‘‘native solu-

tion’’ to the solution obtained directly from the GIPSY data

processing procedure using JPL non-fiducial orbits and

before any transformation into the ITRS.

Analysis of the ‘‘native’’ GIPSY solutions

For the native GIPSY solutions, the only constraint to a

reference system is the non-fiducial FlinnR orbits adopted

in the data processing, which are referred to a GPS-based

reference system but adjusted to obtain the best self-con-

sistency (Hurst 1995) and, therefore, not rigidly oriented in

space. As an example, Fig. 2 shows two native solution

time series for the WTZR and MATE stations with their

mean motion removed and each referred to a local geodetic

reference system. The mean motion was obtained using a

linear regression based on a weighted least squares

approach.

Figure 2 shows that the two series are quite highly

correlated, even though the two stations are located at two

completely different locations, about 980 km apart, and

therefore cannot be influenced by such strong common

effects. This same behavior is also noted when looking at

the time series for every other pair of stations. The Pearson

product-moment correlation coefficient q (Pearson 1895)

was, therefore, calculated between the time series of a

reference station and all the others. The correlation coef-

ficient qrs between two time series can be defined as:

qrs ¼
rrs
rrrs

ð1Þ

where rr and rs represent the root-mean-square of the

residuals to the regression line for the two time series, and

rrs the relative covariance coefficient. The Pearson coef-

ficient was computed between the WTZR station, which is

the most northern one, and all the others, repeating this for

each component, all expressed in a local geodetic reference

frame (Table 1).

Table 1 highlights two main aspects: the high correla-

tion for all the stations and the absence of a spatial de-

pendence of the Pearson coefficients. This cannot be due to

real spatially correlated effects, but must rather depend on

the influences of the common environment and the impact

of common boundary conditions, such as orbits, clocks and

other remaining errors (Völksen 2005).

Strategies to align the PPP solutions to the ITRS:
results and discussion

As was mentioned above, the transformation of the daily

GPS solutions into the ITRS is necessary whenever there is

a need to express the solution within a regional reference

Fig. 1 Location of the 16 GNSS stations considered for the test. The

14 black dots represent the sites used to align the Italian National

Network (RDN) to IGb08
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frame, such as ETRF2000 or RDN. In order to align the

native GIPSY solutions (obtained using non-fiducial JPL

products) to the ITRS, together with orbits and clocks, JPL

also distributes what are known as X-files. These are daily

files containing the seven Helmert parameters used to

transform each daily solution into the ITRS (IGS08 until

2012 DOY 280 and IGb08 from 2012 DOY 281). The

parameters are calculated from a least squares method us-

ing the daily solutions of about 40 stations each day, se-

lected by JPL from among about 200 IGS core network

stations (Rebischung et al. 2011). In this way, the JPL

X-files were applied to the native solutions, obtaining a

new time series for each station. This solution will be

called the Global ITRS Solution (GIS).

A similar process can be applied to a local network. The

GIPSY software package allows for the production of

customized X-files, giving as input a set of daily solutions

from the network and the corresponding reference solutions

(stacov2x GIPSY script). Therefore, adopting the

EPN_A_IGb08.SNX file as reference, a set of X-files was

produced ad hoc for the analyzed network. For the method

to function properly, a high number of stations must be

considered in order to reach sufficient redundancy in the

least squares approach. These transformation parameters

were then applied to the native solution, obtaining another

time series for each station. This solution will be called

Regional ITRS Solution (RIS). GIS and the RIS are at the

core of the following discussion and are two solutions for

the same data set, differently aligned to the same reference

frame, and so can be compared with the SINEX solution,

even in terms of biases.

Focusing on the technical issues, where there is the need

to be coherent with the chosen reference frame, the time

series analysis discussed here is based on two statistical

parameters. We define as ‘‘repeatability’’ the capability of

obtaining similar results with several measurements and as

‘‘consistency’’ that of obtaining results close to the

EPN_A_IGb08.SNX reference solution. Repeatability was

Fig. 2 Comparison of two

native GIPSY solutions time

series for WTZR and MATE.

Average velocities are there

removed from each time series.

The time series are expressed

for each site in its local geodetic

reference system. The X-axis

represents the timescale in

years, whereas the Y-axis

represents the residual

expressed in meters

Table 1 Pearson’s correlation coefficients between the WTZR sta-

tion and each of the others, expressed in the local geodetic

components

Site Correlation coefficient qrs

N E U

AJAC 0.90 0.90 0.66

GENO 0.93 0.96 0.74

GRAS 0.91 0.94 0.76

GRAZ 0.94 0.96 0.84

LAMP 0.90 0.94 0.71

M0SE 0.93 0.95 0.77

MATE 0.89 0.95 0.76

NOT1 0.89 0.91 0.62

ORID 0.91 0.91 0.75

PRAT 0.70 0.95 0.56

ROVE 0.92 0.94 0.72

TORI 0.90 0.86 0.47

UNPG 0.91 0.94 0.75

ZIMM 0.93 0.95 0.80

ZOUF 0.91 0.94 0.81

Average value 0.90 0.93 0.71

Correlation coefficients are calculated from the time series of the

residuals obtained subtracting the reference solution from the PPP

solutions in order to remove the possible discontinuities, and then

removing also the residual mean velocities

488 GPS Solut (2016) 20:485–497

123



characterized by the scattering of the time series, whereas

consistency by the biases to the reference solution. In spite

of some natural causes that induce periodic movements to

the station coordinates, the need to compare the results to a

linearly defined reference solution imposes the evaluation

of these parameters under the same linear approximation.

Finally, in order to evaluate whether the use of regional

parameters instead of global parameters leads to some loss

of information, an analysis was performed in the frequency

domain to evaluate the signal contents in both the GIS and

RIS time series.

Statistical parameters and evaluation of the quality

of the obtained solutions

In order to obtain the summary parameters needed to de-

scribe the behavior of the GNSS network solutions over a

large lapse of time, in terms of both scattering and of bi-

ases, an automatic post-analysis procedure was imple-

mented. First, the geocentric coordinates were transformed

into a local geodetic reference system, to obtain results in

terms of North, East and Up components, which can be

interpreted easier. We assume Sikj tð Þ as the value of the

geodetic component (k) of a daily solution (j) of a GNSS

station (i) at the epoch t, where k = North, East, Up,

j = 1,…,m with m number of daily solutions and

i = 1,…,n with n number of GNSS stations.

The consistency of the solutions is evaluated in terms of

differences compared to the official EPN_A_IGb08.SNX

solution for each station. To achieve this, the reference

solution was converted to the same local geodetic system

used for the Sikj solution, in order to evaluate the horizontal

and the height components separately, and then the daily

biases were calculated as:

Di
kj ¼ Sikj � REFikj ð2Þ

where REFikj is the reference value of the k component.

Therefore, Di
kj can be considered as the residual between a

daily GNSS solution and the official solution and together

they generate the Di
k time series which absorbs all the

discontinuities in both the GNSS solutions and the SINEX

file. For each time series, a linear regression was computed

using a classical weighted least squares approach, with the

weight being the inverse of the formal error derived by the

data processing. We define mk
i and qk

i as the slope and the k-

intercept of the linear regression, which we can now re-

move from the Di
k time series by:

vikj ¼ Di
kj � qik þ t jð Þ � mi

k

� �
ð3Þ

where t(j) is the time correspondent to the j-epoch. We can

now define rik as the RMS of the residuals:

rik ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

m

Xm

j¼1

vikj
2

vuut : ð4Þ

In order to remove the outliers, an iterative procedure is

adopted based on searching for the maximum outlier and

then comparing it to the standard deviation. Daily coordi-

nates are considered as outliers when:

max vikj

���
���

n o
[ 3rik: ð5Þ

The RMS rik is recalculated iteratively after each outlier

rejection, specifying that for every outlier, even if just one

component is involved, all the three components of that

daily solution are removed. When no more outliers are

found, the final parameter representing the repeatability of

the time series is calculated as:

pik ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPmclean

j¼1 vikj
2

mclean

s

ð6Þ

where mclean is the number of daily coordinates after the

outlier rejection process. The solutions removed through

these steps are also removed in Di
k. As a representative

parameter of the consistency of a time series with the

reference solution, we calculate the following mean value

of the biases:

bik ¼
Pmclean

j¼1 Di
kj

mclean

: ð7Þ

Finally, in order to summarize the above parameters of

each series into a summary one for the whole network, for

each reference component, we calculate two more

parameters.

Pk ¼
Pn

i¼1 p
i
k

n
ð8Þ

Bk ¼
Pn

i¼1 bik
�� ��

n
ð9Þ

The first is Pk that represents the overall repeatability of

the measures for the k component, while the second pa-

rameter Bk concerns the overall consistency with the ref-

erence solution.

Test results in terms of repeatability and accuracy

GIS and RIS were first compared to the EPN densification

of the IGb08 reference solution in order to detect any

misalignments. After this check, the stations LAMP and

ROVE showed mean velocities significantly different than

those of the reference, in both the GIS and the RIS. Since

quite a high number of reference stations were available,

these two sites were discarded and the regional
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transformation parameters recalculated. All the results later

discussed relate to the 14 stations composing the reference

for RDN. Figure 3 shows the time series of the residuals

with respect to the EPN densification of IGb08, for the 14

stations considered, with their regression lines, both for

GIS (red dots) and for RIS (blue dots). It is evident that

consistency with respect to the reference is high for both

GIS and RIS, as almost all the solutions are within 5 mm

from zero, including in height. No major discontinuity is

evident in these time series, whereas some periodical sig-

nals clearly appear and will be discussed later. As ex-

pected, we observe that the time series are more scattered

in the Up component than in the horizontal one and in some

cases are evident that the RISs are less scattered than for

the GISs.

Table 2 shows the test results for repeatability and

consistency of both GIS and RIS. Regarding repeatability,

a significant improvement is reached by using regional

parameters, especially in the Up component, which is no-

toriously the weakest. The reduction in scattering is about

37 % for both horizontal and height components. The

consistency of the GIS compared to the reference solution

is already at the millimeter level when applying the global

parameters, with the improvement of about 1 mm in the

North component when regional parameters are applied. It

is also important to underline that, at this level of analysis,

all possible periodical signals defining each site have not

yet been removed. These signals are considered as noise

with respect to the linear motion of the sites assumed here,

meaning that the obtained repeatability values should

generally be higher than the real noise of the time series.

Pearson’s correlation coefficients were then calculated

for GIS and RIS, in the same way as for the native solution,

and reported in Table 3. GIS reduces the correlation co-

efficient values from 0.90, 0.93 and 0.71 in the native so-

lutions to 0.43, 0.53 and 0.43 for the North, East and Up

components, respectively. As for the RIS, a strong overall

decrease in these values toward -0.05, -0.06 and -0.06

indicates that there is an almost complete decorrelation

between all the time series. To complete this analysis, it is

important to highlight that the number of outliers removed

using the approach described above is virtually negligible.

In particular, for GIS, the percentage of rejected solutions

is between 0 and 1.7 %, whereas for RIS, they go from 0 to

3.7 %. The higher number of rejections in RIS is probably

due to the lower values of rk
i for that solution.

Analysis in the frequency domain

Above we analyzed applications where consistency to a

defined reference frame is the major topic. For other ap-

plications, such as geophysical studies, structures, land-

slides and ground subsidence monitoring, the absolute

position is not the main issue. In such applications, the

goal of the positioning system is to allow a reliable in-

terpretation of the local movement of the monitored point.

For those applications, assuming linear motion in the

definition of a reference frame is no longer an option since

we need to model the point movement, including non-

linear motion. As is well known (Dong et al. 2002; Mao

et al. 1999), GNSS time series can be represented with a

motion composed of a linear trend and many seasonal and

periodical components. Moreover, most of the GNSS time

series are spaced unequally over time because of inter-

ruptions in acquiring the observations. One of the well-

known methods of performing spectral analysis on such

series is based on the Lomb–Scargle periodogram (LSP)

(Lomb 1976; Scargle 1982), coupled to the maximum

likelihood estimation (MLE). With LSP, it is possible to

evaluate the most probable periodical components and

then calculate the amplitude and phase of these signals

using MLE.

Starting from the residual series vik (3), for each solution,

we perform the Lomb–Scargle periodogram, allowing us to

obtain the frequency power function. We then select the

first five frequencies f iIk (where I = 1…5) identified by the

most powerful peaks and evaluate the relative amplitudes

AiI
k and BiI

k using a least squares approach. After completing

this step, a model of each time series can be represented by

the following equation:

modik tð Þ ¼ qik þ t � mi
k

þ
X5

I¼1

AiI
k sin 2pf iIk � t

� �
þ BiI

k cos 2pf iIk � t
� �� �

:

ð10Þ

The model modik tð Þ represents the motion of the station

(i) in the component (k), including both the linear and

periodic contributes.

Figure 4 shows the periodograms of all 14 sites, both for

GIS and for RIS, and reveals the presence of very similar

frequencies for almost all the time series, in particular at

the period of 1 year and 6 months. There are also some

differences in power, which is not strictly correlated with

the amplitude of the signal. Figure 5 shows the models (10)

both for GIS and for RIS. This comparison indicates that

the amplitude of the models is of only a few millimeters,

meaning that it is close to the sensitivity of the GNSS

technique. Nevertheless, the signals described are quite

different, especially at higher frequencies. Looking at the

North component, a different mean velocity is evident for

all the sites. Examining the amplitude of the models, there

is an evident reduction from GIS to RIS. This reduction has

an average value of about 50 % for all the geodetic com-

ponents, reaching 75 % in some cases, while in a few other

cases, it is less than 10 % on the North component. In order
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Fig. 3 Di
k time series. The residuals with respect to the

EPN_A_IGb08.SNX reference solution are expressed in local

geodetic components. X-axis represents the timescale in years, and

Y-axis represents the residuals expressed in meters. Red dots and blue

dots refer to GIS and RIS, respectively
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to evaluate the loss of signal resulting from the use of

regional transformation parameters instead of global ones,

the difference between the GIS and RIS time series was

calculated epoch by epoch,

dik ¼ vi GIS
k � vi RIS

k ð11Þ

On this new time series, modik tð Þ was estimated using

(10). The obtained results are shown in Fig. 6, where all the

dik signals are superimposed on the same graphs. This fig-

ure shows a high correlation between all the dik series,

which demonstrates the presence of a common signal with

a magnitude of few millimeters in all 14 stations. This

common signal can explain why the Pearson coefficient is

higher for GIS than for RIS, as shown in Table 3. The red

line in Fig. 6 represents the average signal of the differ-

ences between GIS and RIS. The red signal was analyzed

using LSP, and especially for the horizontal components,

two main frequencies were found in terms of amplitude.

These have a period of 1 year and 6 months, respectively.

The magnitude (peak to peak) of the recomposed average

signal is about 2 mm for the horizontal components and

about 5 mm for height.

Having calculated all the signal models, it is possible to

recalculate the noise of the time series with respect to their

Table 2 Repeatability (Bk) and consistency (Pk) calculated for both the GIS and RIS

Site Repeatability (mm) Consistency (mm)

GIS RIS GIS RIS

N E Horiz U N E Horiz U N E Horiz U N E Horiz U

AJAC 2.0 1.8 2.7 5.3 1.2 1.3 1.8 3.7 -1.3 0.6 1.4 -0.5 0.3 0.7 0.8 1.2

GENO 1.8 1.6 2.4 5.9 1.1 0.9 1.4 4.1 -0.8 0.0 0.8 -4.4 0.8 0.0 0.8 -3.7

GRAS 1.9 1.7 2.5 4.1 1.2 0.9 1.5 2.9 -1.9 -0.3 1.9 1.4 -0.3 -0.2 0.4 2.4

GRAZ 1.5 1.5 2.1 4.9 0.9 0.8 1.2 2.7 -1.6 -0.2 1.6 2.7 0.2 0.0 0.2 0.8

M0SE 1.8 1.9 2.6 5.4 1.1 1.2 1.6 3.6 -2.2 -0.4 2.2 -2.4 -0.4 -0.2 0.4 -1.9

MATE 1.8 1.9 2.6 5.1 1.2 1.1 1.6 3.4 -2.2 -0.7 2.3 1.1 -0.6 -0.4 0.7 0.9

NOT1 1.9 2.4 3.1 6.6 1.2 1.4 1.8 3.9 -1.5 -0.1 1.5 0.1 0.2 -0.1 0.2 1.4

ORID 1.7 1.9 2.5 5.6 1.1 1.2 1.6 3.0 -1.2 -0.4 1.3 1.3 0.4 0.0 0.4 0.3

PRAT 2.0 1.8 2.7 5.4 1.5 1.1 1.9 3.9 -1.8 -0.3 1.8 -3.0 -0.2 -0.3 0.3 -2.7

TORI 2.0 2.1 2.9 5.9 1.5 1.3 2.0 3.7 -1.8 -0.2 1.8 -1.9 -0.3 -0.2 0.4 -1.1

UNPG 1.6 1.8 2.4 5.3 1.2 0.9 1.5 3.5 -1.7 1.2 2.0 -2.0 0.0 1.3 1.3 -1.5

WTZR 1.5 1.6 2.2 5.1 1.1 0.9 1.4 2.7 -2.2 -0.2 2.2 2.1 -0.4 -0.1 0.4 0.3

ZIMM 1.5 1.5 2.1 4.8 1.0 0.9 1.3 2.9 -1.3 0.1 1.3 3.7 0.2 0.0 0.2 3.7

ZOUF 2.0 1.7 2.6 5.6 1.3 1.3 1.8 3.2 -1.7 -0.2 1.7 0.2 0.0 -0.2 0.2 -0.7

Pk Bk

1.8 1.8 2.5 5.4 1.2 1.1 1.6 3.4 1.6 0.4 1.7 1.9 0.3 0.3 0.5 1.6

Impr. from GIS to RIS (%) 34 % 40 % 37 % 37 % Impr. from GIS to RIS (mm) 1.3 0.1 1.2 0.3

Columns 2–9 refer to repeatability, and columns 10–17 to consistency. The results are expressed in a local geodetic reference frame (North, East

and Up). The North and East component are also combined in a horizontal (Horiz) component. All the results for each site (column 1) are

expressed in millimeter. The last two rows report a synthesis in terms of averaged values and relative improvements, respectively

Table 3 Pearson’s correlation coefficients calculated on the vik time

series of the WTZR station and each of the others, expressed in the

local geodetic components

Site Correlation coefficient qrs

GIS RIS

N E U N E U

AJAC 0.42 0.46 0.29 -0.09 -0.06 0.11

GENO 0.43 0.59 0.45 -0.17 -0.15 -0.13

GRAS 0.41 0.58 0.38 -0.16 -0.10 -0.03

GRAZ 0.49 0.64 0.57 -0.10 -0.03 -0.16

M0SE 0.43 0.53 0.46 -0.09 0.00 -0.11

MATE 0.38 0.64 0.40 0.10 0.10 -0.05

NOT1 0.37 0.38 0.23 0.18 0.20 0.41

ORID 0.49 0.38 0.40 0.03 -0.20 -0.26

PRAT 0.37 0.57 0.42 -0.14 -0.11 -0.15

TORI 0.38 0.62 0.48 -0.06 0.03 -0.06

UNPG 0.47 0.63 0.46 0.02 0.04 -0.11

ZIMM 0.49 0.51 0.52 0.04 -0.24 -0.04

ZOUF 0.42 0.37 0.55 -0.15 -0.30 -0.24

Average value 0.43 0.53 0.43 -0.05 -0.06 -0.06

Columns 2, 3 and 4 are referred to the GIS, whereas columns 5, 6 and

7 are referred to the RIS
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Fig. 4 Comparison of the periodograms obtained from the vik time

series for both GIS and RIS. For each site, three periodograms are

reported, related to the North, East and Up components. The X-axis

represents the frequency expressed in year-1, whereas on the Y-axis,

the normalized spectral power density is reported
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Fig. 5 Representation of the modik obtained by means of the first five

most powerful frequencies of the Lomb–Scargle periodogram and the

linear motion. Red Lines represent the models obtained by GIS,

whereas the blue ones are related to the RIS. All models are referred

to a local geodetic reference system, and the values are expressed in

meters
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nonlinear model of movement instead of their regression

line. To do this, we subtract modik tð Þ from the Di
k time

series to obtain a new residual time series (wi
k), which

indicates the residual values with respect to the model,

wi
k ¼ Di

k �modik tð Þ ð12Þ

The pik coefficients calculated for wi
k of GIS and RIS

(wi GIS
k , wi RIS

k ) are representative of the residual noise of

the time series. Their values are given in Table 4. In

particular, the values relating to RIS are 33–38 % lower

than for GIS. This result means that the improvement of

the repeatability for RIS shown in Table 2 is not only due

to the decrease in the amplitude of the signals within the

time series. The reduction of noise with respect to the

periodical movement of the sites, shown in this test,

means that there is an improvement in the precision of the

technique used to describe the movements themselves. In

other terms, looking at Fig. 6 and Table 4, we can con-

clude that, if we perform a regional alignment, we can

expect to lose a common signal, but the local periodicities

are preserved and identified even better, due to the lesser

scattering of the wk
i_RIS time series compared to the wk

i_GIS

times series.

Nevertheless, global parameters are still very reliable in

reducing global biases, such as the instability of earth

orientation parameters. However, since these parameters

are calculated considering a global network, some local

common residual signals cannot be absorbed by the global

transformation parameters. When those signals are mean-

ingful at the regional scale, the regional transformation

parameters allow for a higher consistency of the estimated

coordinates.

Conclusions

In the present work, a test was performed using GPS data

generated over 6 years by 16 permanent stations located

in Italy and in neighboring countries. To obtain the daily

solutions, RINEX files were calculated using a PPP ap-

proach and the GIPSY-OASIS II software. The daily

Fig. 6 Superimposition of all

the models calculated for the dik
time series of the residuals

between GIS and RIS. Each

signal is referred to the local

reference frame of the

considered site. The red lines

represent the averaged signals

that characterize the whole

considered area and have an

amplitude of about 2 mm on the

North and East component and

about 5 mm on the Up

Table 4 Precision parameters pik for the residuals wi
k to the models

modik both for GIS and for RIS

Site Residual noise to the estimated models

GIS (mm) RIS (mm)

N E U N E U

AJAC 1.7 1.6 4.9 1.1 1.1 3.6

GENO 1.6 1.4 5.6 1.1 0.9 3.9

GRAS 1.7 1.5 3.9 1.1 0.9 2.8

GRAZ 1.4 1.3 4.3 0.9 0.8 2.5

M0SE 1.4 1.4 4.2 0.9 1.0 3.0

MATE 1.7 1.5 4.7 1.2 0.9 3.3

NOT1 1.8 2.1 5.9 1.2 1.3 3.4

ORID 1.6 1.7 4.9 1.0 1.0 2.8

PRAT 1.8 1.6 4.9 1.3 1.0 3.8

TORI 1.7 1.7 5.3 1.2 1.1 3.6

UNPG 1.5 1.5 4.7 1.0 0.9 3.4

WTZR 1.4 1.4 4.3 1.0 0.8 2.6

ZIMM 1.4 1.4 4.2 0.9 0.9 2.7

ZOUF 1.7 1.5 4.7 1.2 1.0 2.9

Average value 1.6 1.5 4.8 1.1 1.0 3.2

Improvement GIS to RIS (%) 33 38 33

The last two rows report a synthesis in terms of averaged values and

relative improvements, respectively
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native solutions were first aligned to the IGS realization of

the ITRS by using the official JPL X-files, thus obtaining

the Global ITRS Solution (GIS). The same native solu-

tions were then aligned to a European densification of the

ITRS, applying a set of customized regional transforma-

tion parameters and obtaining the Regional ITRS Solution

(RIS).

First, the transformation of the native solutions into

IGb08 using the official JPL X-files led to a reduction of

the correlation coefficients between the time series,

reaching an average value of about 0.4, which is sig-

nificantly lower than the correlation coefficient of the

previous values, which are between 0.7 and 0.9. Then, by

aligning the PPP solutions to the ITRS by using a region-

ally based set of transformation parameters, it was possible

to obtain a stronger reduction of the correlation between

the time series, with the coefficients reaching values close

to zero. This means that the use of global transformation

parameters does not remove a common signal from the

sites, but it can be otherwise removed by using regional

parameters.

Looking at the applications where there is the need to

achieve solutions that are as close as possible to a formally

defined reference frame, such as the European densification

of IGb08, the repeatability and the consistency of the PPP

solutions were evaluated relative to the reference solution.

The statistical parameter relating to repeatability has

highlighted that the scattering of the RIS time series is

reduced by about 37 % compared to GIS. As for consis-

tency, GIS and RIS make it possible to reach a millimeter-

level accuracy, but, in this test, where EPN_A_IGb08.SNX

has been assumed as the reference, the RIS reaches values

of 0.3 mm in plane and 1.6 mm in height, slightly better

than the GIS.

The analysis in the frequency domain performed by

means of the Lomb–Scargle periodogram shows evidence

that almost the same frequencies are present in GIS and

RIS. Considering the first five most powerful frequencies,

a model of the local movements of all the sites was ob-

tained for the two solutions. The comparison between the

GIS and RIS models underlines the fact that there are

differences in the amplitude of these signals, which are

generally greater for the GIS, especially at the highest

frequencies. The residual noise was obtained by sub-

tracting the models from each time series and then

evaluated. The noise values for the GIS are generally

higher than those of RIS by more than 30 %, where the

noise reduction in RIS reaches 38 % for the East com-

ponent. This noise reduction seems to indicate better

precision for the RIS time series, and it follows that a

more precise description of the local site movements can

be obtained. This result seems to be interesting and will

be the subject of further studies aimed at reaching a better

comprehension of the reasons behind this and the char-

acteristics of these different noises. A similar analysis in

the frequency domain was performed using the time series

of the differences between the GIS and RIS. The models

obtained highlight a common signal with a magnitude of

about 2 mm in horizontal and 5 mm in height, which is

present in almost all the sites and components and is

almost eliminated in the RIS.

All of these results should be only slightly different

when considering different areas or networks, at least

whenever the number of stations used to calculate the

regional parameters generates a good level of redundancy

for the equations, which, therefore, reduces the depen-

dence of those parameters on the local movements of a

single site. We showed that it is possible to improve the

PPP performance by carrying out a daily calculation of a

regional network, located in the area of the survey and

covering a suitable number of stations. If the formal so-

lutions in the desired reference frame are available for

each site, it is possible to calculate the daily transforma-

tion parameters with a suitable redundancy and apply

these to each PPP solution calculated in the area. Despite

the necessary efforts to obtain RIS, we will emphasize

that the parameters need only to be calculated once for the

same area, as long as the parameters and models applied

for the geodetic data processing are the same as those

used for the surveys, therefore maintaining the strength of

the PPP strategy in terms of independence of the solu-

tions. Moreover, the high level of calculation efficiency of

the PPP approach means that the regional transformation

parameters can be calculated on a daily basis, obtaining

the regionally transformed solutions after only a short

delay.
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