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Abstract 
 
In the modern geodesy the role of the permanent station is growing 
constantly. The proper treatment of the time series from such station lead 
to the determination of the reliable velocities. In this paper we focused on 
some pre-analysis as well as analysis issues, which have to be performed 
upon the time series of the North, East and Up components and showed 
the best, in our opinion, methods of determination of periodicities (by 
means of Singular Spectrum Analysis) and spatio-temporal correlations 
(Principal Component Analysis), that still exist in the time series despite 
modelling. Finally, the velocities of the selected European permanent 
stations with the associated errors determined following power-law 
assumption in the stochastic part is presented. 
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1. Introduction 
 
The International Terrestrial Reference Frame (ITRF) is being defined, inter alia, by 
GNSS (Global Navigation Satellite System) permanent stations that constantly 
register navigation data for observing changes of their position in time. According to 
GGOS (Global Geodetic Observing System) resolutions, the ITRF should be stable 
at the level of 0.1 mm/yr with respect to the velocities (Plag nad Pearlman, 2009). 
Furthermore, the EPN (EUREF Permanent Network) guidelines recommend to move 
the permanent station into A (the highest) class when the formal uncertainty of the 
last velocity estimate is below 0.5 mm/year (Bruyninx et al., 2013). These demands 
make that the several topics during the process of velocity estimation from the 
topocentric (North, East and Up) component time series have to be complied. 
  
 
 

Reports on Geodesy and Geoinformatics vol. 100/2016; pp. 17-26 DOI:10.1515/rgg-2016-0003

Review article

17

http://dx.doi.org/10.1515/rgg-2016-0003


 

 

2. Da
 
The nu
almost 
GNSS-
our res
by Nev
express
 

3. De
 

The tim
as: 

 

 
where x
the am
time se
the tim
(stocha
interpre
terrestr
interpre
al., 201

Prop
since i
Deviati
t-test A
for offs

 

ta 

umber of pe
the entire

-derived tim
search we 
vada Geod
sed in IGS

terministi

me series o

x0 corresp
plitude, an

eries, Ox ar
me series. 
astic part) 
eted as the
rial refere
etations (e
14). 
per pre-an
it can affe
on (MAD) 

Analysis of
et detectio

)( 0xtx 

ermanent 
 world with
me series 
used sele
detic Labo

S08 (Rebisc

Fig. 1. Lay

c model 

of each top

onds to th
ngular velo
re the outl

First 5 te
is the un

e velocity o
nce frame
.g. Capora

alysis con
ect the ch
criterion (f

f Regime S
on. 


1

tv
n

i

x  

GNSS sta
h a global 
(position, 
cted positi
oratory wit
chung et a

yout of stati

pocentric co

he initial va
city and ph
iers, xoff ar
erms form
derlying n
of station,
es (e.g. A
ali et al., 20

nsisting of 
haracter of
for detail s
Shifts (STA

sin( tA ii  

tions is co
network. 
ZTD or E
ion (North
th PPP (P

al., 2012) re

 
ons being p

 
 

omponent 

alue, vx is t
hase shift o
re the offse
m the dete
noise. Lon
widely use
Altamimi 
013; Schen

outliers a
f the time

see Klos et
ARS) algo

) Ot xi 

onstantly gr
In consequ
OP) is get
, East and
Precise Po
eference fr

processed b

(North, Ea

the station
of the i-th f
ets’ amplitu
erministic 
g-term tre
ed in mode
et al., 20

nk and Sch

nd offsets
e series. W
t al., 2015)

orithm (Rod

1

xH
m

j

of
jj 

rowing and
uence, the
tting longe

d Up) time 
oint Positio
rame. 

by the NGL 

ast or Up) c

’s velocity
frequency 
udes. x ar
model, wh
nd (linear 
ern geodes
011) or f
henkova, 2

removal 
We used 
) for outlie
dionov and

)(tx
ff   

d starting t
e time span
er and long

series pro
oning) mo

 

can be exp

y, Ai, i an
componen

re the resid
hile the la
or non-lin

sy to main
for geody
2013 or Bo

is a crucia
Median A
rs and Seq
d Overland

to cover 
n of the 
ger. For 
ocessed 
ode and 

pressed 

d i are 
nt of the 
duals of 
ast one 
near) is 
tain the 
namical 

ogusz et 

al issue 
Absolute 
quential 
d 2005) 

(1)

Bogusz, J. et al.: Towards reliable velocities of permanent GNSS stations

18



 

 

The 
2002): 
1. real 

hydr
2. num

or al
 
To e

defined
velocity
without
introdu
coloure
discuss
that the
data. I
annual
periodic
matrix f
parame
North c
error of
data is 
 

 
It is 

near tro
Least S
Bruynin
shift in
numeri

origins of

geophysi
rodynamics

merical arte
liasing (Pe

estimate th
d the Gen
y uncertain
t seasona
ced by B

ed noise i
sed their r
e noise cha
n this res
, draconit
cities (Bog
for the gen
eters, inclu
component
f the GNSS
indispensa

Fig. 2. Re
(Borowiec

widely ac
opical year
Squares E
nx, 2009). 
n time. Th
cal artefac

f frequenc

cal proce
s etc.); 

efacts (drac
enna and S

he influenc
neral Diluti
nties when
l terms. T

Blewitt and
n a data, 

results intro
aracter pla
search we 
tics and 
gusz and K
neral powe
uding statio
t of BOR1 
S-derived 
able to reli

duced Gen
, Poland) st

was obtain

cknowledge
r and its ov

Estimation 
However, 

here is no
cts introdu

cy compon

sses (tide

conitics (A
Stewart, 20

ce of the s
on of Pre

n two diffe
This is a 
d Lavallée

but simp
oducing a 

ays as impo
initially a

Chandler 
Klos, 2015
er-law proc
on’s velocit
(Borowiec
velocity sh
ably estim

eral Dilution
tation. We c
ned with 6 y

ed, that th
vertones (R
(LSE) (e.g
this metho

o basis to 
uce oscillat

nents shou

es, loading

Agnew and
003)). 

seasonal s
ecision (GD
rent deter
slight mo

e (2002). 
ply assume

model wit
ortant role 

assumed t
oscillation

5) and then
cess to est
ty. Fig. 2 p
c, Poland) 
hould not e

mate velocit

n of Precisio
can notice t
years of con

he most p
Ray et al., 
g. Blewitt 
od assume

claim tha
tions that 

uld be sea

gs or the

 Larson, 2

signal on
DP, Klos 
ministic pa

odification 
However,

ed white p
th a colou
as amplitu
he determ
ns as we
n compute
imate the v

presents th
station. If 

exceed 1%
ty. 

on for North
hat the stab
ntinuous ob

powerful os
2008) and
and Laval

es constan
at either r
are consta

arched wit

ermal effec

2007; Amir

the trend 
et al., 201
arts are as
of a Dilu
 they did
process. B
red noise. 

ude of perio
ministic mo
ell as se
d the inve
variances 

he reduced
we assum

%, we notice

 
h componen
bility at the l
bservations 

scillations 
d are widely
lée, 2002 
cy of ampl
real geoph
ant in time

thin (Dong

cts couple

ri-Simkooe

determina
16) as a 
ssumed: w
ution of P
d not con
Bos et al. 
 They con
odic signa

odel consis
elected for
erse of cov
of the dete

d value of G
me that the 
ced that 6 y

nt of BOR1 
level of 1% 

are conce
y modelled
or Kenyer
litudes and
hysical eff
e. So, any

g et al., 

ed with 

i, 2013) 

ation we 
ratio of 

with and 
recision 

nsidered 
(2010) 

ncluded, 
ls in the 
sting of 
rtnightly 
variance 
ermined 
GDP for 
relative 

years of 

 
 

entrated 
d by the 
res and 
d phase 
fects or 
y of the 

Reports on Geodesy and Geoinformatics vol. 100/2016; pp. 17-26 DOI:10.1515/rgg-2016-0003

19

http://dx.doi.org/10.1515/rgg-2016-0003


 

 

non-pa
2015). 
and Ki
used to
Gruszc

In S
origina
 

 
with M
respect
confirm
(Gruszc

This
semi-a

Fig

As t
annual 
Up com
the sta
varianc
varianc
 
4. Sto
 
Agnew 
noise b
assess
the dat

arametric e
One of the
ng (1986)
o analyse 
czynska et 
SSA appro
l time serie

M, N being
tively, and

med previou
czynska et
 way, we 
nnual), and

g. 3. Differe
comp

the results
and semi-

mponent. F
tions locat

ce in the a
ce is explai

ochastic p

 (1992) st
being char
ses the goo
ta in a proc

 












N

tRk

estimations
em is the S
, Vautard 
GNSS tim
al. (2016).

oach, the 
es (Vautard

g length o
d N’=N-M+

usly to be 
t al., 2016)
can choos
d investiga

ence in the 
ponent of CA

s of SSA-b
-annual sig
For the set
ted in the 
nnual sign
ined by the

part 

tated that 
racterized 
odness of 
cedure call












iN

A
M

A
t

tj

M

j

t

j

k

1

1

1

1

1

1

s should be
Singular Sp
et al. (198

me series 
. 
Reconstru
d and Ghil

of the win
1. In this r
optimal to 
). 
se specifie
ate their ch

seasonals e
AGS (Gatin

based ana
gnals, as a
t of perma
South-Eas
al compar

e annual si

almost all 
by spectra
fit by findi
ed parame

 
 

 




jtA

jtA

Ejt

M

MN

k

k

k

1

1

e applied (
pectrum An
89) or Gh
by Chen e

ucted Com
, 1989): 

dow and 
research w
retrieve th

ed periodic
hanges in t

 

 
estimation u
neau, Canad

 
alysis, we 
a percenta
anent statio
stern part o
red to othe
ignal) (Gru

 geophysi
al index a
ing the va
eter estima

 
  

   tEj

tE

tE

k

k

k

1

(e.g. Freym
nalysis (SS

hil and Tar
et al. (201

mponents (

number o
we adopted
he annual a

c signals o
ime (Fig. 3

using LSE a
da) GPS pe

obtained t
age of the 
ons consid
of Europe 

er stations 
uszczynska

cal pheno
nd amplitu
lue of likel
ation (Lang





N

M

t

for

for

1for

mueller 200
SA) provide
ricco (1997
3), Zerbin

(RC) are 

of data in 
d M=3-yea
and semi-a

of interest 
3). 

and SSA ap
ermanent st

the varianc
total varian

dered here
are chara
(more than

a et al., 201

mena follo
ude of the
ihood func

gbein and J






Nt

Nt

Mt 1

 

09; Bogus
ed by Broo
7) and pre
ni et al. (2

produced 

the time 
ar sliding w
annual osc

(e.g. ann

 

pproaches. 
tation. 

ce contrib
nce of dat

e, we notic
acterized b
n 30% of t
16). 

ow the pow
e colored n
ction that b
Johnson, 1

z et al., 
omhead 
eviously 
2013) or 

for the 

series, 
window, 
cillations 

ual and 

Up 

ution of 
a in the 
ed, that 
y larger 
the total 

wer-law 
noise. It 
best fits 
1997): 

(2)

Bogusz, J. et al.: Towards reliable velocities of permanent GNSS stations

20



 

 

 
where lik represents the likelihood function, v̂  is the time series residua matrix, Cx is 
the covariance matrix of the observations. The integer spectral indices, i.e. -2, -1 and 
0 correspond successively to: random-walk (RW), flicker (FN) and white noise (WN), 
respectively. As was previously shown by e.g. Zhang et al. (1997), Williams et al. 
(2004) or Santamaría-Gómez et al. (2011) the GPS time series are characterized 
well by the power-law dependencies being quite close to flicker noise, that is the 
effect of mismodelled satellite antenna phase centers (APC), Earth Orientation 
Parameters (EOP), SV orbits as well as large-scale atmospheric or hydrologic effects 
not being considered to a standard processing of the navigation data.  

However, the residua being the ordinary difference between time series and the 
deterministic model still are either temporally or spatially correlated (Wdowinski et al., 
1997). The possible reasons of those correlations should be searched within 
mismodelling of Earth Orientation Parameters, satellite orbits, clocks and Antenna 
Phase Centre (APC) variations as well as unmodeled large scale effects originated 
from atmosphere and hydrosphere. Computing algorithms and methods should also 
be mentioned as the potential contributors (Dong et al., 2006). That is why we need 
to define the Common Mode Error (CME), which is the sum of environmental and 
technique-dependent systematic errors in GPS position time series. The CME, which 
is a kind of the temporally correlated noise, can be seen in the time series from 
regional GNSS networks that span hundreds of kilometers. The method of 
subtracting CME was firstly presented by Wdowinski et al. (1997). Nikolaidis (2002), 
implemented method called “weighted stacking” by taking individual position Root 
Mean Square (RMS) error into consideration. For the set of European stations 
associated to the EPN (EUREF Permanent Network) it was successfully investigated 
by Bogusz et al. (2015).  

In this research we used Principal Component Analysis (PCA), which implements 
Empirical Orthogonal Functions (EOF) to reveal common signals in residual time 
series (Dong et al., 2006). PCA is a statistical procedure, that uses orthogonal 
transformation to subtract the CME stored in particular Principal Components (PC, 
Williams et al., 2004). Using this method, we found p-first numbers of significant PCs, 
and we then computed CME as follows (Dong et al., 2006): 

 

 
with 

 

 
being the k-th principal component of matrix R and vk is corresponding 

eigenvector. PCA is an effective algorithm for removing CME. Figure 4 presents 
normalized response of the considered network, which can be identified with positive 
station contribution into the amount of variation of Up component in first PC. 
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Tab. 1. Velocities [mm/y] of the selected European permanent station with the errors 

Name Location 
Time span 
[decimal 

year] 

Velocity [mm/y] Velocity error [mm/y] 

N E U mN mE mU 

AJAC Ajaccio, France 2001.0-2005.8 15.29 21.38 0.10 0.04 0.03 0.11 
ANKR Ankara, Turkey 2000.8-2007.9 12.43 0.41 -2.61 0.04 0.04 0.10 
BOR1 Borowiec, Poland 1996.0-2016.0 14.65 20.12 -0.69 0.01 0.01 0.03 
CRAO Simeiz, Ukraine 2003.1-2008.4 11.37 24.20 1.31 0.09 0.10 0.28 
EBRE Roquetes, Spain 1999.0-2016.0 16.19 19.70 -0.33 0.03 0.02 0.03 
GLSV Kiev, Ukraine 1998.1-2016.0 12.03 22.48 0.11 0.02 0.02 0.06 

GOPE 
Ondrejov, Czech 

Republic 
1996.0-2016.0 15.71 20.18 1.56 0.01 0.01 0.03 

GRAS Caussols, France 1996.0-2016.0 16.54 20.70 0.51 0.01 0.01 0.03 
GRAZ Graz, Austria 1996.0-2016.0 15.93 21.64 0.35 0.01 0.01 0.03 

HERS 
Hailsham, United 

Kingdom 
2001.6-2016.0 16.41 16.48 0.04 0.02 0.01 0.05 

HOFN Hoefn, Iceland 2002.0-2016.0 14.78 13.98 13.12 0.02 0.02 0.05 
KIRU Kiruna, Sweden 1996.0-2016.0 14.89 16.09 6.80 0.02 0.03 0.10 

KOSG 
Kootwijk, 

Netherlands 
1996.0-2003.0 16.22 18.45 -0.96 0.03 0.02 0.08 

LAMA Olsztyn, Poland 2008.0-2012.0 14.12 20.03 -0.98 0.08 0.04 0.17 

MAR6 Maartsbo, Sweden 1999.1-2016.0 14.12 
18.19

83 
7.31 0.01 0.01 0.06 

MATE Matera, Italy 1996.0-2016.0 19.45 23.22 0.97 0.02 0.01 0.04 

MDVO 
Mendeleevo, 

Russian Federation 
1999.0-2002.8 10.65 23.74 0.89 0.10 0.13 0.49 

METS 
Kirkkonummi, 

Finland 
1996.1-2010.5 12.66 20.00 4.51 0.02 0.02 0.07 

NICO Nicosia, Cyprus 2009.0-2016.0 14.12 18.89 0.17 0.08 0.06 0.20 
NOTO Noto, Italy 1996.0-2000.7 18.91 20.66 0.69 0.14 0.07 0.22 
NSSP Yerevan, Armenia 2007.0-2009.7 16.39 29.37 -1.76 0.14 0.16 0.59 
NYA1 Ny-Alesund, 

Norway 
2000.0-2016.0 14.61 10.94 8.34 0.03 0.01 0.10 

NYAL 1996.0-2016.0 14.08 10.65 8.25 0.03 0.02 0.10 
ONSA Onsala, Sweden 1996.0-2016.0 14.77 17.25 2.54 0.01 0.01 0.02 

PDEL 
Ponta Delgada, 

Portugal 
2000.2-2016.0 16.22 12.28 -0.68 0.05 0.04 0.11 

PENC Penc, Hungary 2008.0-2016.0 14.24 22.44 -1.65 0.07 0.05 0.17 
POTS Potsdam, Germany 1996.0-2016.0 15.15 19.15 -0.27 0.01 0.01 0.04 

QAQ1 
Qaqortoq / 

Julianehaab, 
Greenland 

2004.0-2011.0 13.53 -17.24 3.44 0.04 0.07 0.24 

RAMO 
Mitzpe Ramon, 

Israel 
2006.0-2012.0 19.22 23.06 1.11 0.07 0.06 0.23 

REYK Reykjavik, Iceland 1996.0-2016.0 20.86 -10.57 -1.13 0.02 0.02 0.06 
RIGA Riga, Latvia 2001.0-2016.0 13.56 20.13 0.28 0.02 0.02 0.09 

SFER 
San Fernando, 

Spain 
2001.0-2016.0 16.99 14.75 0.65 0.03 0.02 0.09 

SULP Lviv, Ukraine 2004.0-2010.6 13.97 21.64 -0.01 0.04 0.03 0.13 
TRO1 

Tromsoe, Norway 
2005.0-2016.0 15.09 14.83 4.24 0.05 0.03 0.23 

TROM 2004.0-2009.4 14.65 14.25 3.04 0.02 0.02 0.20 
UPAD Padova, Italy 1996.0-2001.9 17.85 21.60 2.54 0.06 0.03 0.09 
VILL Villafranca, Spain 1996.0-2016.0 16.96 18.95 -0.93 0.03 0.03 0.06 

WTZA 
Bad Koetzting, 

Germany 

2001.0-2016.0 15.25 19.93 -0.39 0.02 0.01 0.04 
WTZR 1996.0-2016.0 15.50 20.35 -0.85 0.02 0.01 0.03 
WTZS 2009.0-2016.0 13.78 19.14 -0.46 0.10 0.05 0.23 
WTZZ 2002.4-2016.0 15.22 20.19 -0.11 0.03 0.02 0.08 

ZIMM 
Zimmerwald, 
Switzerland 

1996.0-2013.0 16.43 19.45 2.64 0.02 0.01 0.05 
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