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Abstract: Long term GNSS observations provided by net-
works of the continuously operating reference stations
(CORS) allow for determination of the global and local
tectonic plate movements and seasonal variations. In re-
cent years, PPP (Precise Point Positioning) technique has
become increasingly popular and most likely in the fu-
ture will replace relative positioning with CORS stations.
In this paper, we discuss the difference of the velocity
and seasonal component estimates of 25 Latvian CORS sta-
tions on the basis of daily PPP solutions from the Nevada
Geodetic Laboratory and double-difference solutions from
the Institute of Geodesy and Geoinformatics of the Uni-
versity of Latvia. Time series of each coordinate compo-
nent for 9-year time period were determined by the usage
of the Tsview software and seasonal existence of linear,
annual, semi-annual factors and their uncertainties were
determined. Breaks (e. g., antenna and receiver changes)
were also taken into account. We then assessed the noise
characteristics of these time series with the use of over-
lapping Hadamard variance (OHVAR). The result shows
that OHVAR is computationally cheap, and the dominating
power-law noise, including flicker and random walk. How-
ever Hadamard deviation of the PPP and double-difference
solutions scatters differently for a whole year averaging
time due to the different GNSS data strategies.
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1 Introduction

Continuous GNSS (Global Navigation Satellite System)
time series has been extensively used in Earth surface mo-
tion monitoring (e. g., plate tectonics [1, 2], sea-level varia-
tion [3, 4], polar research [5] and other [6, 7]). Multi-year
combination dense GNSS network solutions of the EPN
weekly SINEX files [8] play an important role in provid-
ing accurate stations’ positions and velocities in the Eu-
ropean territory. Since the BIFROST (Baseline Inferences
for Fennoscandian Rebound Observations Sea Level and
Tec-tonics) project [9] was initiated in 1993, a number of
works [10, 11, 12] have been concerned with measuring the
crustal deformation rates in Fennoscandia and establish-
ing insight into physics of the GIA (glacial isostatic ad-
justment) response. Notably territory of Latvia, which is
located on the border of an area that is exposed to long-
term intra-continental deformations in response to GIA of
Fennoscandia, has been receiving more attention in recent
years. Attempts to characterise land uplift effect in Latvia
by analysing precise levelling data have been made earlier
[13, 14]. Latvian continuously operating reference station
(CORS) rates (or velocities) has been previously analysed
[15, 16] and have shown that GIA effect rates up to about
2mm/yr in the vertical direction in the north-western part
of Latvia. However, no detailed analysis of seasonal vari-
ations and noise characteristics of the Latvian CORS have
been performed up till now. Modelling seasonal variations
and noise in coordinate time series is important for reliable
estimation of CORS station velocities and their uncertain-
ties [17]. As such, further assessment of the noise charac-
teristics in Latvian CORS coordinate time series and then
discussion of the velocity and seasonal variations as well
as their uncertainties is still a meaningful task.

Many literature sources [18, 19, 20] reveal that the max-
imum likelihood estimation (MLE) method which using a
data covariance incorporates a variety of noise processes
is the most popular and rigorous approach to detection of
noise contents in geodetic time series. Many noise mod-
els (including autoregressive and moving average noise,
power-law, flicker noise (FL), random walk noise (RW),
white noise (WH) and Generalized Gauss Markov noise)
are found in the GNSS coordinate time series both in re-
gional and global networks. If neglecting this coloured
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noise, the uncertainty of site velocity could be underesti-
mated by a factor of 2-4 [19, 21]. However the main dis-
advantage of MLE is the fact that it is a computationally
demanding and it may be affected by the strongest noise
while evaluating a combined noise model [22]. RW is con-
sequently difficult to be accurately determined in a short
time series since the flicker noise is often dominated and
masking RW [19]. Recently, Allan variance, an efficient al-
gorithm that is often used to assess the atomic oscilla-
tors stability, is introduced into many geodetic applica-
tions. Malkin and Voinov [23] first adopted Allan variance
to process the site coordinates of the European GNSS net-
work EUREF. Niu et al. [24] used Allan variance to measure
the error characteristics of GNSS PPP (Precise Point Posi-
tioning) solutions. Hackl et al. [25] reveal that Allan vari-
ance is an alternative and accurate method to estimate the
rate uncertainty for South African TrigNet network. Due
to the good confidence in dealing with divergent noise,
Xu and Yue [26] adopted a modified Allan variance ap-
proach called overlapping Hadamard variance (OHVAR) to
infer the noise components of daily PPP position time se-
ries of 12 International GNSS Service (IGS) sites in China.
They found that the dominate power-law noise inferred by
OHVAR agrees well with that inferred by MLE. These pre-
vious works greatly inspire our research to extend the use
of Allan deviation (and related) to further assess the noise
characteristics of the Latvian CORS stations.

The rest of the article is organized as follows. Section 2
describes the selected Latvian CORS and the Tsview soft-
ware, a program packaged with the GAMIT/GLOBK soft-
ware suite used to analyse GNSS data. OHVAR is also
briefly outlined. Section 3 describes the GNSS data in-
cluded in this study. Section 4 discusses site velocity
and seasonal variation estimates for PPP and double-
difference (DD) solutions. Noise characteristics of the Lat-
vian CORS stations are investigated. Section 5 presents fi-
nal remarks.

2 Materials and methods

In Latvia, there are two CORS networks - LatPos,
EUPOS®-Riga; and EUREF Permanent GNSS Network
(EPN) station RIGA. In this study 25 Latvian CORS stations
(24 LatPos stations and EPN station RIGA) (see Figure 1)
were analysed. LatPos network covers all territory of Latvia
and is under the supervision of Latvian Geospatial Infor-
mation Agency. This network is operating since 2006/2007
and most of the stations are installed on the roofs of brick
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Figure 1: Latvian CORS selected for the study.

or concrete buildings. LatPos network has evolved signif-
icantly during those years — 18 stations were operating in
2007, for most of the station’s antennas and/or receivers
have been changed, numerous stations have been moved
to other locations, 8 new stations were installed. All sta-
tions are equipped with Leica GNSS receivers and anten-
nas.

All receivers, antennas and their changes for analysed
stations during 2011-2019.6 are listed in Table 1.

The data coverage for analysed stations is shown in
Figure 2. Starting with the end of 2019 LatPos is experi-
encing further improvements — switch to antennas and re-
ceivers with Galileo capability for all stations and move-
ment to other sites for most of the stations. However,
Nevada Geodetic Laboratory (NGL) contains LatPos data
just till mid-August 2019, therefore the time series adopted
in this study does not cover the last changes of the net-
work. Stations were selected considering the length of the
time series — longer than 5 years, therefore LatPos sta-
tions VALK operating since 2015, VAIN - since 2016, KUL2
— since 2017, LIP2, LVR1 and MAZ2 - since 2018 were not
analysed.

However, the analysis of the selected time series may
be affected by numerous factors. Receiver and antenna
changes are shown in Table 1. Station LVRD has been af-
fected since 2017 when air ventilation system was installed
near the antenna and caused obvious scatter in coordinate
time series. Additional breaks caused by unknown reasons
were identified for stations KUL1, LODE and PREI. Main
mount type is either 20 or 200 mm diameter metal pipe,
either 1 or 1.5m high, located on the roofs of stable con-
crete or brick buildings, except stations OJAR and TKMS
with mount height 2m, station SLD1 with mount height
3m, stations DOB1 and LIMB with mount height 5m, sta-
tions IRBE and RIGA mounted on grounded concrete pillar,
station MAZS mounted on grounded 8 m high steel mast.
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Table 1: Receivers, antennas and their changes for LatPos network and RIGA station during 2011-2019.6.

Station  Receiver

Antenna

ALUK 2019-07-17 LEICA GRX1200+GNSS — LEICA GR30
BALV 2019-07-17 LEICA GRX1200+GNSS — LEICA GR 30
BAUS
DAGD

DAU1 2011-02-02 LEICA GRX1200PRO — LEICA GRX1200+GNSS

DOB1
IRBE 2019-07-03 LEICA GRX1200+GNSS — LEICA GR 30
JEK1 2019-07-18 LEICA GRX1200+GNSS — LEICA GR 30
KuL1
LIMB
LIPJ LEICA GRX1200+GNSS

LODE 2019-07-18 LEICA GRX1200+GNSS — LEICA GR 30

LVRD LEICA GRX1200+GNSS
MADO LEICA GRX1200+GNSS
MAZS LEICA GRX1200+GNSS

OJAR 2012-01-02 LEICA GRX1200GGPRO — LEICA GR10

PLSM

PREI 2011-01-27 LEICA GRX1200PRO — LEICA GRX1200+GNSS

REZ1 LEICA GRX1200+GNSS

RIGA 2013-12-11 LEICA GRX1200PRO — LEICA GR25
SIGU
SLD1
TALS
TKMS

VAL1

LEIAR25LEIT

2014-06-12 LEIAT504 LEIS — LEIAR20 LEIM
LEIAT504 LEIS

2018-03-07 LEIAT504 LEIS — LEIAR20 LEIM
LEIAT504 LEIS

LEIAT504 LEIS

LEIAR25 LEIT

LEIAR25 LEIT

LEIAT504 LEIS

LEIAT504 LEIS

LEIAT504 LEIS

2014-06-03 LEIAT504 LEIS — LEIAR20 LEIM
2011-09-14 LEIAR25 NONE — LEIAR25 LEIT
LEIAT504 LEIS

LEIAX1202GG NONE

LEIAR25 LEIT

LEIAT504 LEIS
LEIAT504 LEIS

LEIAR25 LEIT

2013-12-11 LEIAT504 LEIS — LEIAR25.R4 LEIT
LEIAT504 LEIS

LEIAT504 LEIS

LEIAT504 LEIS

LEIAR10 NONE

LEAT504 LEIS

ALUK -
BALV
BAUS
DAGD
DAUI -
DOBI -
IRBE -
JEK1 A
KUL1
LIMB A
LIPJ -
LODE -
LVRD -
MADO -
MAZS -
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RIGA -
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VALLI -
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Figure 2: Data coverage of Latvian CORS during 2011-2019.6.
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Station MAZS was exceptionally negatively affected by its
mount type and as it will be seen in the results.

Tsview software is based on least-squares fitting and
complemented in the GAMIT/GLOBK software package
[27]. The time series are analysed according to commonly
used time-dependent functional model [28]:

2
y(t;) =yo + bt; + Z {cy sin 2nift; + df cos 2nft;}
=t

g
+ z gH(; -
j=1

T+, (t), 6

where y(¢;) is the initial position at the reference epoch
t = t; (unit — year), y, and b are the position (¢t = 0) and
velocity parameters, ¢ and d; are the periodic motion pa-
rameters (f = 1, 2 represent the annual and semi-annual
seasonal terms). The offsets term Z?jl gH(t;-T))is caused
by antenna or receiver changes, reposition of station and
other known or unknown human intervention events, 8
is the magnitude of the offset at epoch T}-, ng is the total
number of offsets and H is the Heaviside step function.
€, (;) represents the noise term. The unknown parameters
that are estimated during least-squares fitting according to
Eq. (1) with Tsview arey,, b, ¢, dy and g;. The uncertainties
of parameters in Tsview are estimated using the Real Sigma
algorithm [27] which is a time-correlated noise model as-
suming that the noise process is a first-order Gauss Markov
process. Outliers were removed using the 3o criterion.

Statistically variance o° is expressed as a mean of
squares differences between respective data x; and their
mean value x for a n number of data:

=1 Y 00 @

Standard deviation is a square root of the variance.
The ith average deviation over an interval 7 (called interval
of averaging or averaging time) of a finite set of x data:

— X; 1~ X;

y; = % (3)
with assumption that two time deviation measurements
are spaced 7 apart. Allan variance for a finite set of the data
is expressed as follows [29]:

GO =3 Tou 7 ()

Combination of equations (3) and (4) leads to:
N-2

Z Xiy2 =

i=1

O-)% (T) 1+1 + Xi)z (5)

2(N 2)
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Figure 3: The graphical determination of the type of the noise com-
ponent of the signal by AVAR 02, calculated for different intervals of
averaging 7 [32].

where N is a finite the number of data spaced by the mea-
surement interval 7.

Hadamard variation is more efficient than Allan vari-
ance due to its insensitivity to linear frequency drift.
Hadamard variance is defined as follows [30]:

N-3

(Xi3
i=1

Ha}% (1) = — 3,y + 33X - X;)° (6)

2(N 3)

where T = mt), mis an averaging factor and 7, is the basic
measurement interval.

The OHVER is a modification of the Hadamard vari-
ance, which makes a maximum use of the data set by form-
ing a possible fully overlapping samples at each averag-
ing time. OHVER can provide a better confidence than Al-
lan variance and Hadamard variation [31]. For a frequency
data OHVAR is defined as [30]:

M-3m+1j+m-1 5
Z (}/i+2m_2}/i+m +yi)

j=1 i=1
@
Allan variance (and related) is connected with averag-
ing time as:

OHO? ()2 —— 1
% (D= erear - 3m+1)

03 ()~ 8)

where u characterizes the type of noise present in the time
series. Allan variance (and related) figures are displayed in
as log-log plots and dominating noise processes at differ-
ent averaging intervals (1) are determined by means of the
slopes (see Figure 3).

3 Data

In this study daily coordinate time series based on both
PPP and DD solutions are considered. The PPP coor-
dinate time series from NGL are processed using the
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GIPSY/OASIS-II software [33]. The Wet and Dry interpo-
lated components from the Vienna Mapping Function
VMF1 was used as the a priori troposphere model. Zenith
delay and gradients are estimated as random every 5 min-
utes. A cut-off elevation angle of 7° was selected. The 1st
order ionosphere effect is removed by LC and PC combina-
tions, and 2nd order effect is modelled using IONEX data
with IGRF12. Solid Earth tides, ocean tidal loading and
Earth rotation have been applied according to IERS 2010
Conventions in the primary data processing, whereas non-
tidal (e.g., atmospheric and surface hydrological) load-
ings are not yet taken into account in the processing. More
details about the GNSS data analysis strategy can be found
on the website http://geodesy.unr.edu/gps/ngl.acn.txt.
Institute of Geodesy and Geoinformatics of the Uni-
versity of Latvia (GGI) is contributing as an EPN Densi-
fication analysis centre, by regularly transferring weekly
SINEX solutions to EPN. The DD solutions have been com-
puted for the 8.6 year period from 2011 to 2019.6 by us-
ing the Bernese GNSS Software v5.2 [34]. The final CODE
(Center for Orbit Determination in Europe) precise orbits,
Earth orientation and clock products, and CODE final iono-
sphere product were used for GNSS data processing. The
dry Global Mapping Function was used as the a priori tro-
posphere model, while zenith path delay parameters were
estimated using the wet Global Mapping Function. A cut-
off elevation angle of 3° was selected. The positions of all
stations were corrected for both solid Earth tide effect, and
ocean tide loading. Nine IGS/EPN stations: BOR1 (Poland),
GLSV (Ukraine), JOEN (Finland), LAMA (Poland), MAR6
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Figure 4: IGS/EPN stations used as reference stations: (a) in the reference frame IGb08; (b) in the reference frame 1GS14.

(Sweden), ONSA (Sweden), PULK (Russia), RIGA (Latvia),
VLNS (Lithuania), with the minimum constrained coordi-
nates and velocities were used as reference stations in the
reference frame IGb08 (see Figure 4a).

Since January 29, 2017, 8 IGS/EPN stations: BOR1
(Poland), GLSV (Ukraine), JOZE (Poland), MAR6 (Sweden),
MDV] (Russia), METS (Finland), ONSA (Sweden), RIGA
(Latvia), with the minimum constrained coordinates and
velocities were used as reference stations in the reference
frame IGS14 (see Figure 4b).

4 Results and discussion

We first visually inspect the residual time series by using
Tsview. This step is necessary to detect offsets and sta-
tion misbehaviour. For example, station MAZS which was
mounted on an 8 m high steel mast, has the highest am-
plitude of the residual signal. The station horizontal and
vertical velocities and their uncertainties were estimated
for both NGL-PPP and GGI-DD coordinate time series. NGL-
PPP solutions are available in ETRF2014 and ITRF2014.
GGI-DD daily coordinate solutions were also expressed
in ETRF2014 and ITRF2014 using ITRF2008-to-ETRF2014,
ITRF2008-to-ITRF2014 and ITRF2014-to-ETRF2014 one-
step transformation with 14 transformation parameters
according to [35]. Figure 5 provides the station horizon-
tal and vertical velocities of NGL-PPP and GGI-DD solu-
tions (in ETRF2000 and ITRF2008 reference frames) for the
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Figure 5: Latvian CORS station horizontal velocities in ETRF2000 (a) and vertical velocities in ITRF2008 (b); NKG velocity models - blue; GGI-

DD solution - red, NGL-PPP solution — orange.

Table 2: Mean STDV and RMS of NGL-PPP velocity differences (mm/yr) from the GGI-DD velocities.

NGL-PPPvs. GGI DD, ETRF2014 NGL-PPP vs. GGI-DD, ITRF2014
North East Up North East Up
Mean 0.43 0.52 -0.44 -0.17 0.08 -0.49
STDV 0.15 0.12 0.26 0.19 0.12 0.27
RMS 0.45 0.53 0.51 0.25 0.14 0.56

8.6-year observation period, as well as NKG (Nordic Geode-
tic Commission) velocity models (i.e. NKG_RF03vel [36]
and NKG2016LU_abs [37]). We noted that the MIDAS (Me-
dian Inter-annual Difference Adjusted for Skewness) [38]
may not be suitable for multi velocity solution and sta-
tions with large post-earthquake relaxation deformation,
so the NGL velocities estimated by MIDAS were tentatively
not considered here.

Table 2 and Table 3 give the velocity inconsistency
among NGL-PPP, GGI-DD and NKG’s velocity models. In
order to compare NGL-PP and GGI-DD solutions to NKG
models the horizontal velocities were expressed in the
ETRF2000 frame and the velocities for the vertical (here-
after — Up) component in the ITRF2008. The velocity
inconsistency between NGL-PPP and GGI-DD is: 0.43 +
0.15 mm/yr for North, 0.52 + 0.12mm/yr for East and 0.44
+ 0.26 mm/yr for Up components in ETRF2014; 0.17 +
0.19 mm/yr for North, 0.08 + 0.12 mm/yr for East and 0.49 +
0.27 mm/yr for Up components in ITRF2014. The results re-
veal that horizontal components agree better in ITRF2014
and slightly better for Up component in ETRF2014.

Comparison of GNSS solutions with NKG models
shows that NGL-PPP has slightly better agreement with
NKG_RF03vel model while GGI-DD solution has system-
atic shift with compared NKG_RF03vel model for horizon-
tal components. Meanwhile, GGI-DD has a slightly better

agreement with NKG2016LU_abs model for Up component.
Additionally, Tsview estimated mean velocity uncertain-
ties are: vertical 0.18 mm and horizontal 0.08 mm for GGI-
DD; vertical 0.17 mm and horizontal 0.06 mm for NGL-PPP.
Recall that the uncertainties may be too optimistic since
the default noise assuming in Tsview is a first-order Gauss
Markov process.

Figure 6 gives the amplitude estimates of sine and co-
sine function for both NGL-PPP (left) and GGI-DD (right) in
ETRF frame. For the best understanding of the size in the
figure below, the scales for each component are the same.
Amplitudes for all stations vary around 1 mm for horizon-
tal components and Up component in GGI-DD solutions.
In NGL-PPP solutions seasonal amplitudes are much more
scattered, especially in Up component, where the ampli-
tude reaches up to 4 mm for several stations. Moreover,
there are stations in both PPP and DD solutions with ex-
tremely high amplitudes comparing to other stations. In
both PPP and DD solutions North component for station
MAZS is characterised by more than 2 and 3mm higher
amplitude in case of cosine and sine respectively. While
for other stations North component amplitudes are less
than 1mm. In case of East component there are two sta-
tions with outlying amplitudes, for PPP technique these
are BALV and SLD1 with values close to 2 mm, in case of DD
these are PRE1 and SLD1 - also around 2 mm amplitude.
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Table 3: Mean STDV and RMS of GGI-DD and NGL-PPP velocity differences (mm/yr) from the deformation models NKG_RFO3vel (North, East)

and NKG2016LU_abs (Up).

GGI-DD vs. NKG_RFO3vel, ETRF2000 (North, East);
GGI-DD vs. NKG2016LU_abs, ITRF2008 (Up)

NGL-PPP vs. NKG_RFO3vel, ETRF2000 (North, East);
NGL-PPP vs. NKG2016LU_abs, ITRF2008 (Up)

North East Up North East Up
Mean 0.25 -0.16 0.18 0.10 -0.05 -0.29
STDV 0.24 0.20 0.30 0.37 0.17 0.26
RMS 0.34 0.25 0.34 0.37 0.17 0.39
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Figure 6: Annual sine (squares) and cosine (diamonds) amplitudes of NGL-PPP (a) and GGI-DD (b) function.

Up component amplitudes for GGI-DD results are at over, MAZS amplitude is not as distinct as in the case of
about 1mm level (MAZS standing out with 2> mm cosine NGL-DD solutions, it is only slightly larger than several
factor), but these results are consistent with each other. other stations with amplitudes larger than 4 mm values.
In case of NGL-PPP amplitudes are much bigger and have Figure 7 shows PPP and DD coordinates time series of sta-
rather random size which varies from 1 mm to 4 mm. More- tions with the biggest amplitudes in each direction. In case
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Figure 7: Coordinates components of two stations with the biggest amplitudes (blue) for the fitted function (red). Time scale in years
presents x-axis; y-axis is an amplitude in mm, for North, East and Up direction respectively counting from the top.

of North component for each solution MAZS is typical of
the biggest amplitude.

No correlation between the magnitude of seasonal am-
plitudes and the geographical location is found in this
study. MAZS station has been installed on an 8 m high steel
mast that might affect the occurrence of such large am-
plitude in North and Up directions. It stands out clearly
against the other stations and it appears that its data qual-
ity is not acceptable for geodynamical studies. Also, sta-
tion SLD1 has been installed on a 3 m high metal pipe that
could cause apparent strong seasonal signal in East direc-
tion. All other stations are installed on 1, 1.5 or 2m high
metal pipes or more stable metal constructions, except
DOB1 which is installed on a 5 m high metal pipe, however
DOB1 does not show any significant seasonal behaviour.

Appendices A and B contain OHVAR calculated for all
three components of the 25 stations based on NGL-PPP and
GGI-DD position time series in the ITRF14 reference frame.
We find it promising to detect dominant power-law noise
in the time domain. In the case of the PPP time series (Ap-
pendix A) the slope of the power-law curve for the aver-
aging time between 1 and 7 days is —0.621 and —0.613 for
E and N components, respectively. This power-law curve
presents a noise type close to WH. For the 1 to 30 day av-
eraging time it becomes closer to FL, but still closest to
WH (-0.309 for East and —-0.405 for North component).
For a whole year averaging time (1 to 365 days) curves be-
come more flat, —0.155 and —0.275 for the E and N compo-
nents, respectively. In the case of the Up component part
of the stations’ curves is characterized by unrecognized
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noise type with a slope more than 2-3, which leads to 1.886
mean power-law curve for 1 to 7 days averaging time. For
the longer averaging time, 1 to 30 days and 1 to 365 days
it is described by RW noise with 0.992 and 0.275 values re-
spectively. Similar power-law curves also indicate similar
sources of noise for the majority of the sites.

Appendix B shows that DD solutions scatter differently
for a whole year averaging time due to the different GNSS
data processing strategy. For the 1to 7 days averaging inter-
vals, the slope of the power-law curve is -1.174 and -1.170
for East and North component respectively. For the longer
averaging time (1to 30 days) it is —0.692 for East and —0.748
for North component, the power-law curve represents WH
noise. For the 1to 365 days averaging time, it becomes flat-
ter with —0.264 and —0.252 values for E and N component,
respectively. For the Up component, results differ signifi-
cantly from PPP solution, for the 1to 7 days and 1to 30 days
averaging time the slope of the power-law curve is 0.782
and 0.273, respectively which is close to RW noise. For the
1 to 365 days averaging time it becomes to be flat (-0.014
slope of the power-law curve), which is represented by the
FL noise. Comparing component curves they are less con-
sistent and correlate more closely with each other than
with PPP solutions. In addition, these curves are charac-
terized by a smaller number of time series standing-off
from the other, as is the case with data obtained using the
PPP technique.

5 Conclusions

PPP and double-difference GNSS time series of the 25 Lat-
vian CORS stations were analysed in this paper. Analy-
ses cover velocities, seasonality, stability and noises de-
termination of the data. The results indicate the effect of
the Fennoscandian rebound in the territory of Latvia. In-
consistent velocity uncertainties are found between DD
and PPP solutions. Latvian CORS station vertical veloc-
ity vectors have maximum values in the north-western
part of Latvia and minimum values in the south-eastern
part of the country. We also find that NGL-PPP agrees
slightly better with the NKG_RFO3vel model, while GGI-
DD has a shift with the NKG_RFO03vel model in horizon-
tal components. Meanwhile, GGI-DD agrees slightly bet-
ter with the NKG2016LU_abs model for the Up compo-
nent.

Some stations show significant seasonality effects
with amplitudes bigger than expected coordinate’s accu-
racy (1mm for horizontal and 3mm for Up component).
There are only a couple of stations with seasonal function
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amplitudes larger than 1mm for horizontal components
for DD solutions. In case of height amplitudes obtained
from the PPP technique — due to lower accuracy than in
the double-difference method — amplitudes for each sta-
tion are bigger.

Overlapping Hadamard variance shows the existence
of the WH noise as dominant in the horizontal compo-
nent in early averaging time. In the case of the PPP for
the longest averaging intervals for N and E components
WH+FL combination is seen. In the case of the Up com-
ponent for PPP solutions, RW noise is dominant in some
sites. In the case of DD solutions, RW is dominant, and
for the longest averaging interval dominant noise types
are RW+FL. In addition, all time series are consistent with
each other in terms of individual components, while this is
more apparent with the relative solution than in PPP. Fur-
ther research is needed to estimate reliable velocity uncer-
tainties and validate noise types detected in this study by
using MLE.
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Appendix A

000'T 001 oL T 000'T 001 oL T 000'T 001 (U8 000'T 001 or 000'T 001 or 1
+ + 100 + + 100 + + 100 + + 100 + +
A= = N
o o o o 4
TIVA SIADLL STVL 1ais noIs
or ot [us [Us
000T 001 ot T 000'T 001 ot T 000'T 001 0T 000'T 00t [Us 000'T 001 [Us T
+ 100 + + 100 + + 100 + + 100 + +
0 o 1o 10 4
VOIu 1794 Had WST1d uvio
oL or 01 (U8
000T 001 oL L 000'T 001 or 1 000'T 001 (U8 0001 001 (U8 000'T 001 o1 1
+ 100 + + 100 + + 100 + + 100 + +
o i 10 o o 4
Qo f 1 | Ae—F - S—
1’ \/\/L I il \/\(l\ _ ]
SZVIN ODAVIN aQIA1 101 [dr1
ot ot [us [Us
000°T 00T ot T 000T 00t (s T 000T 0ot or 000'T 0ot 0L 000'T 00T (1] T
+ 100 + + 100 + + 100 + + 0 + +
ro ro o 10 4
dINIT I 1 (| 29I 190a
or or (U8 01
000'T 001 oL L 000'T 001 oL 1 0001 001 (U8 000'T 001 o1 000'T 001 or L
, , o , , 0o ) , 0o , , 100 , ,
o o i 10 o 4
nva asva snvd ATV N1V
(8 or [us [Us

100

[us

[w] AgaHO

Figure 8: OHVAR of the NGL-PPP solutions.
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