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Abstract. Daily coordinate time series from Global Navigation Satellite System
(GNSS) exhibits important seasonal signals for the horizontal and vertical component.
These essential signals must be estimated because they play a very important role in the
final estimates, especially for site velocity. The article is analyzing in terms of
seasonality and noise, 152 stations from 5 different Continuously Operating Reference
Stations (CORS) that have GNSS stations in Romania. The importance of this study is
twofold: the first one is given by the relevance of separating various geophysical
signals which truthfully reflect critical crustal deformations or the effect of different
surface mass loadings, and second, is to compare relatively close stations which are part
of two different CORS networks. Due to the fact that the underlying noise of the GNSS
station is related to the seasonal signal, using Maximum Likelihood Estimation (MLE)
we are able to estimate both seasonal signals, the type of noise and its amplitude for the
Romanian GNSS CORS network. The results of the noise analysis show that at low
frequencies we have spectral indices that varies between -2 and 0, which reveals that
the dominant type of noise is flicker and random noise.
Key words: GNSS time series; noise, seasonal signal, MLE.

1. INTRODUCTION

Nowadays with the help of GNSS Continuous Operating Reference Station
(CORS) we are able to use them, in Earth surface monitoring such as: plate
tectonics [1], sea-level variation [2,3], water vapor determination [4–7], ocean-tide
measurements [8], earthquake and tsunami monitoring [9], geodynamics
applications [1], [10–15], remote sensing [16,17], as well as 3D terrain modelling
[18] and many other positioning applications.
We can obtain high accuracy estimates for geodetic purposes not only using
differential GNSS processing but also, using the absolute positioning method,
especially the technique called, Precise Point Positioning (PPP) [19]. By employing
accurate a priori information related to satellite clocks and orbits, the PPP
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technique becomes “precise” [20]. The information such as precise clocks and
orbits, are used throughout PPP processing in different processing stages with the
goal of mitigation and / or even possible elimination of different types of errors,
hence we are able to obtain precise and accurate position estimates – especially
coordinates of GNSS stations.
Precise models such as antenna phase center variations for satellites and
GNSS receivers are needed, but we need models such as Earth rotation parameters
with full statistical information, tidal and non-tidal effects which are improved
steadily over time, by different individual Analysis Centers, are necessary to obtain
precise and accurate estimates of the GNSS receivers. These precise a priori
information can be obtained from different Analysis Centers which uses specific
parameters throughout the processing stages or the solution that is considered to be
the most accurate solution – the combined solution from International GNSS
Service (IGS) at http://www.igs.org/.
There are a few advantages using the PPP technique, especially from a
hardware point of view, which consist of using only one receiver to be able to
obtain precise and accurate estimates, which leads to reduce cost with the
necessary equipment.
The PPP technique was implemented in several scientific software’s such as
GIPSY/OASIS – or the latter one called GipsyX, developed Jet Propulsion
Laboratory (JPL) [19, 21, 22], the software developed at Astronomical Institute of
the University of Berne [24] called Bernese GPS software, the software developed
at Wuhan University with the name –Positioning And Navigation Data Analyst –
PANDA [23] and not least, the software created at Tokyo University of Marine
Science and Technology from Japan – RTKlib [25] and G-Nut/Tefnut, developed
by the Geodetic Observatory Pecny from Czech Republic [26].
The PPP algorithm was deployed in multiple online PPP services such as:
CSRS-PPP developed by Natural Resources Canada (NRCan), GAPS developed by
the University of New Brunswick, magic GNSS developed by GMV, Automatic
Precise Positioning Service (APPS) developed Jet Propulsion Laboratory (JPL) and
many other research centers and universities that implements the PPP technique in
an online software.
The geophysical processes of interest can be modelled by fitting a linear
trend to the observation which is composed of linear, sinusoidal, offsets and even
nonlinear signals [27].
The deterministic and stochastic model jointly affect the interpretation and
conclusions drawn from the same geodynamic phenomenon after estimating the
parameters and their associated uncertainty based on post processed GNSS
observation. It is crucial to model the characteristics of stochastic processes in the
GNSS position time series, to be able to obtain reliable estimates of stations
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velocity [28].
Using the processed data from GNSS CORS networks, we can obtain
coordinate time series that incorporates annual and semi-annual periods, that
commonly are modeled by two periodic signals with constant amplitude and phaselag [29,30]. The above mention annual and semi-annual signals are in the range of
a few millimeters to a few centimeters which are partially caused by thermal
expansion of ground and monuments [31,32] atmospheric and hydrological
loadings [33–35] multi-path variations [36] or varying tropospheric delay [37,38].
When the deterministic model is removed, the so-called residual or noise is
created. If we analyze the GNSS position time series in terms of power spectrum of
the noise, we can observe that the power-law follows a behavior at low frequency
having spectral indices that varies between -2 and 0 [29]. These values indicates
that the type of noise that can be found in GNSS time series is white noise, which
has a spectral index of
, flicker noise has a spectral index of
and
random walk noise is with spectral index of
. The random walk noise (RW)
is a mixture of local station-dependent effects but also is a signal of monument
instability, whereas the flicker noise (FL) is including all mismodelled parameters
when the GNSS data is processed as well as large-scale effects. In the case of white
noise, it represents temporally uncorrelated phenomena. If the spectral index in
non-integer and falls in the area between random-walk and flicker noise with
then we are in the presents of fractional Brownian noise, while a
non-integer spectral index that is between flicker noise and white noise with
shows fractional Gaussian noises [39].
Many researchers generally accepted that a purely with noise cannot
describe the error in position time series. [40] estimated from the daily position
time series of 10 continuous GNSS stations the slope of power spectra and
suggested that fractal noise processes – power law noise, with a spectral indexes
around 0.4 are suitable for stochastic errors. [41] who analyzed 414 GNSS
coordinate time series in terms of noise behavior, concluded that a combination of
power-law (PL) noise plus white noise (WN) model provides an adequate
representation for the noise that exists in most of the time series. [42–45] reached
similar conclusion with longer time series.
The understanding of noise that is in geodetic time series is important for a
number of different reasons. To be able to detect and interpret different signals of
interest in geodetic time series it is vital to understand the noise that is present in
the time series. The residual signal relative to a model that we express as being the
“noise” in the time series, that is estimated prior or simultaneous with the noise
analysis, can bias or it can lead to a misinterpretation of the geophysical signal that
we are interested in [46]. The model contains in general a seasonal signal which is
typically represented by sums of sinusoids with annual frequency and its
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harmonics. The importance of estimating the seasonal signal whether, this seasonal
signal embody a systematic error – the elimination of which can be done by
improved models – or it represents a true climatic signal, is given by the fact that it
can impact especially the site velocity [47,48].
The main technique for identifying the noise model that describes the data
covariance matrix and time dependence, is to use maximum likelihood estimators
(MLE). The initial work done by [41,49] produced similar algorithms but with one
significant difference around the type of function that could represent the time
dependence of the observations. [30,50] managed to do improvements related to
the computational efficiency.
The research in this article is twofold: the first one is to determine the type of
noise and its amplitude but also the amplitude of the seasonal signal, and second, is
to compare relatively close stations which are part of two different CORS
networks. We analyzed 152 stations from 5 different Continuously Operating
Reference Stations (CORS) that have GNSS stations in Romania. The GNSS
observation was processed using the PPP technique that is incorporated in GipsX
software [22].
2. MATERIALS AND METHODS

To determine the seasonal signal and at the same time to do a noise
analysis, to obtain the quantity of white noise and power law noise such as random
walk or flicker noise that is present in a GNSS time series, we have employed the
algorithm called maximum likelihood estimation (MLE) as described by
[30,40,49–51]. MLE is used also, to establish an overall power law noise model
that best describes the data. The probability function is maximized to estimate the
noise component using MLE, by adjusting the data covariance matrix. Therefor:
(1)
where:
➢
➢
➢
➢
➢

is represents the likelihood
is the determinant of the matrix,
is the variance – covariance matrix of the considered noise in the data
is the number of epochs and
represents the postfit residuals of the linear function using weighted least
squares with the same covariance matrix .
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The likelihood of the logarithm function must be maximized or minimize the
negative, such as:
(2)
these represents a consequence of the fact that the maximum is unaffected by the
monotonic transformations.
The mathematical model is composed by a linear trend or velocity, an
intercept, the offsets terms, the sinusoidal terms which represents the annual and
semiannual seasonal signal and when we have a large coseismic event, we have to
consider the term to defines the postseismic motion [52].
The stochastic noise model such as white, moving average, first-order Gauss
Markov, power law, band pass, autoregressive, but also, a combination of these
noises, can be “captured” in the covariance matrix .
In the case of the assumption that we are dealing with a white noise
component and power law then the matrix is:
(3)
where
and
is the amplitude of white noise and the power law noise,
is the
identity matrix and
is the power law covariance matrix with
spectral index . The definition of equation (3) shows only two types of noise, but
in reality the GNSS time series its possible to contain more than this two types of
noise and sometime may not be power law noise models [41].
If we fit a straight line through a time series of points at a specific time
which represents the basic liner regression problem, the determination of rate
uncertainties is given by:
(4)
where
represents the error term.
Assuming that
is subjected to linear combination of independent random
variables and it is identically distributed,
, and a sequence of temporally
correlated random variables,
such as:
(5)
the amplitude of white noise is represented by the scalar factor
scale factor of colored noise of spectral index .

and

is the
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3. RESULTS

The purpose of the study is to process 152 GNSS stations using PPP
technique embodied into GipsyX software [22] developed at NASA’s Jet
Propulsion Laboratory (JPL). It features the so-called Precise Point Positioning
capability (PPP), which allows daily geodetic position determination of a single
GNSS station with an accuracy of ~2 mm for the horizontal components and ~7
mm in height. These numbers are dependent on the quality of the GNSS receiver,
the antenna, and local conditions (e.g. multipath). To enable PPP, JPL also
provides weekly updated data files containing precise GNSS satellite orbits, Earth
Rotation Parameters (ERP), satellite clock corrections, spacecraft attitude
information and so-called widelane phase biases to enable signal ambiguity
resolution. We also include ocean loading corrections of each individual station,
which we obtain from Onsala Space Observatory, Chalmers University of
Technology. In addition, we model wet tropospheric signal delays using
information from VMF (Vienna Mapping Functions) [53]. The PPP strategy is
different from other scientific GNSS processing algorithms (e.g. Bernese), which
use a network approach to compute accurate relative position solutions. We prefer
the PPP strategy because it is more flexible and allows easy corrections to singlestation solutions if a problem with one of these stations is detected. In a final step,
using our own software, we convert the daily ITRF14 solutions to a reference
tectonic plate (in our case the Eurasian plate) using the most recently published
rotation pole solution of that plate in the ITRF14 reference frame [54]. All daily
solutions of all stations are subsequently organized in time series of latitude,
longitude and height components, on which this study is based.
The seasonal signal and noise analysis was determined by using MLE
incorporated into Hector software [30]. The analyzed data is from 5 different
CORS networks: 1. Romanian Position Determination System (ROMPOS), 2.
National Institute for Earth Physics (NIEP), 3. GeoEcoMar – Geopontica, 4.
TopGeoCart and 5. IGS-EUREF stations. The analyzed stations are presented in
Fig 1.
We can see that there are 14 areas where we have 2 stations from different
CORS Networks. The NIEP network have in its administration 23 GNSS station,
whereas the ROMPOS network contains 74 stations. The ROMPOS network it is a
commercial network in the administration of the National Center for Cartography,
which is used mainly for cadastre and surveying operations. The Geopontica GNSS
network is mainly concentrated in the coastal area near the Black Sea and the
Topgeocart network – TGRef, which is a commercial network that contains 7 Leica
GNSS stations that is only in the East part of Romania. The only CORS networks
that have the entire country covered is the NIEP and ROMPOS networks.
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Fig. 1 – CORS GNSS Stations in Romania.

In the first stage of our research, we started with the noise analysis. To
assess the type of noise that is dominant in the CORS networks we have used 3
different noise models: a) a combination of Power-law + White (PL+WN), b) a
combination of Flicker + White (FN+WN) and c) a combination of Random Walk
+ White (RW+WN). By using the log likelihood value as an indicator of the degree
of coherence between the original data and a priori chosen noise model after
applying MLE, we can assess the most probably candidate for the best noise
model. So, the maximum log likelihood value (
) will help us to decide which
noise model fits better the data. [55] showed that the confidence level of rejecting
another noise model with 95% confidence is
, [56] considered to be
whereas [11] suggested a value of
between 2.9 and 3 for one
degree of freedom difference at a 95% confidence level. In our analysis we have
considered for
a value higher then 3.0 for accepting a noise model.
All the analyzed stations from all the CORS Network revealed that the
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dominant noise is either PL+WN or FN+WN based on the
which was higher
in all the stations in favour of PL+WN or FN+WN compared to RW+WN for all
three components – North, East and Up. In the case of PL+WN the determined
spectral index was roughly ~1, which is an indicator that the type of noise in this
case is also FN. After we determined the type of noise, we continued the analysis
in terms of noise amplitude for each station. In Fig 2 it is presented the noise
amplitude for the East component.

Fig. 2 – Noise Amplitude for the East component of Romanian GNSS CORS networks.

Figure 2 emphasize the level of noise for the East component, in which we
can observe that the level of noise is between 2 and 19 mm. The station with the
highest noise amplitude is HAR1 – Harsova which is located near the Danube
River. The next stations from ROMPOS network with the highest noise amplitude
is DORO station which is located in the N-E part of Romania.
The noise amplitude for the North component is presented in Fig. 3.
Figure 3 shows the noise amplitude for the North component for all the analyzed
stations, in which we can notice that station HAR1 which is from the ROMPOS
network, with a value close to 14 mm. Similar to the noise in the East component,
the station DORO is the next station as a level of noise.
The noise amplitude for the Up component is presented in Figure 4.
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Fig. 3 – Noise Amplitude for the North component of Romanian GNSS CORS networks.

Fig. 4 – Noise Amplitude for the Up component of Romanian GNSS CORS networks.
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Figure 4 reveals that the noise for the Up component is in general 3~4 time
higher than the noise in the horizontal component. The station with the highest
noise amplitude is in the city Gheorghieni – GHE1, a station from the ROMPOS
network. The second station with a high level of noise is station HAR1 with a value
of 35.76 mm which is located on the right side of Danube River in the S-E of
Romania.
In terms of seasonality the signal for the East component is presented in
Figure 5.

Fig. 5 – Seasonal Amplitude for the East component of Romanian GNSS CORS networks.

In Figure 5 we can see that the seasonal signal for the East component is
between 0 and 17 mm. The station that has the highest seasonal amplitude is station
HAR1. As a next station with high seasonality signal is the station LACP from
NIEP network. This station is located in a very high-altitude region in Covasna ~
1.813 meters.
In Figure 6 it is presented the seasonal signal for the North component.
Figure 6 shows the seasonal amplitude for the North component for all the
analyzed stations, in which we can notice that station HAR1 with a value of 7 mm.
Similar to the seasonal signal in the East component, the station LACP is the next
station as an amplitude of seasonal signal of ~5 mm.
In Figure 7 it is presented the seasonal signal for the Up component.
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Fig. 6 – Seasonal Amplitude for the North component of Romanian GNSS CORS networks.

Fig. 7 – Seasonal Amplitude for the Up component of Romanian GNSS CORS networks.
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Figure 7 reveals that the seasonal signal for the Up component is at a
maximum of 12 mm for station GHE1, whereas the next station as seasonal
amplitude, is station LACP from NIEP network with an amplitude of 10 mm.
4. DISCUSSION AND CONCLUSION

The article is an analysis of the GNSS CORS network that are in Romania
in terms of type of dominant noise, its related amplitude and seasonal signal. Three
types of noise combination were used to evaluate the GNSS stations: FL+WN,
PL+WN and RW+WN. The dominant type of noise based on the analysis of the
revealed that in general the FN+WN in the best noise model for all the
analyzed station. In the case that the PL+WN presented higher
when the
spectral index was analysed, we found that it is ~1, which is an indicator of FN.
In terms of noise amplitude, we can observe that the ROMPOS GNSS
network is the nosier network compared to other GNSS networks from Romania,
but is main application is to provide real time correction for surveyors to do
cadastral measurements. The positive side of this network is that is showing a very
good coverage of the entire country, especially where other GNSS networks does
not have stations. Also, in the regions where we had stations from 2 CORS
networks such as Bihor County and in the coastal area of Black Sea, we can
observe that all the stations show similar patterns in terms of noise amplitude, the
ROMPOS network being noisier that other CORS networks. For the horizontal
component the station HAR1 shows the highest level of noise. Due to his location
– which is close to the Danube River, this level of noise should be investigated in
correlation with hydrological data, which can be the reason for this level of noise.
For the up component, station GHE1 shows the highest level of noise. This station
is located at the highest geoid height ~869 m compared to other stations. Due to it
geographical location, this area its subject to great snow falls, which can be a
possible reason of the high level of noise.
In terms of seasonality, higher values are seen in the ROMPOS network,
but this can be attributed to the type of moment used to place the GNSS antenna,
because even stations that are from different CORS networks shows notable
differences, especially for the Up component. For the horizontal component,
stations HAR1 compared to the other analysed stations, shows the maximum
seasonal signal, which considering its geographical location can be attributed to the
hydrological loadings. For the Up component, station GHE1, shows the highest
seasonal signal, whereas the amount of snow, can generate this level of seasonal
signal.
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