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1 INTRODUCTION

SUMMARY

In Global Navigation Satellite System (GNSS) coordinate time-series unrecognized errors and
unmodelled (periodic) effects may bias nonlinear motions induced by geophysical signals.
Hence, understanding and mitigating these errors is vital to reducing biases and on revealing
subtle geophysical signals. To assess the nature of periodic signals in coordinate time-series
Precise Point Positioning (PPP) solutions for the period 2008-2015 are generated. The solu-
tions consider Global Positioning System (GPS), GLObalnaya NAvigatsionnaya Sputnikovaya
Sistema (GLONASS) or combined GPS+GLONASS (GNSS) observations. We assess the pe-
riodic signals of station coordinates computed using the combined International GNSS Service
(IGS) and four of its Analysis Centers (ACs) products. Furthermore, we make use of different
filtering methods to investigate the sources of the periodic signals. A faint fortnightly signal
in our PPP solution based on Jet Propulsion Laboratory (JPL) products and the existence of
an 8 d period for those ACs generating combined GPS+GLONASS products are the main
features in the GPS-only solutions. The existence of the 8 d period in the GPS-only solution
indicates that GPS orbits computed in a combined GNSS solution contain GLONASS-specific
signals. The GLONASS-only solution shows highly elevated powers at the third draconitic
harmonic (~120 d period), at the 8 d period and its harmonics (4 d, 2.67 d) besides the well-
known annual, semi-annual and other draconitic harmonics. We show that the GLONASS
constellation gaps before December 2011 contribute to the power at some of the frequencies.
However, the well-known fortnightly signal in GPS-only solutions is not discernible in the
GLONASS-only solution. The combined GNSS solution contains periodic signals from both
systems, with most of the powers being reduced when compared to the single-GNSS solutions.
A 52 per cent reduction for the horizontal components and a 36 per cent reduction for the
vertical component are achieved for the fortnightly signal from the GNSS solution compared
to the GPS-only solution. Comparing the results of the employed filtering methods reveals
that the source of most of the powers of draconitic and fortnightly signals are satellite-induced
with a non-zero contribution of site-specific errors.

Key words: Time-series analysis; Satellite geodesy; Space geodetic surveys.

Rodriguez-Solano et al. 2014; Santamaria-Goémez & Mémin 2015;
Arnold et al. 2015; Sidorov & Teferle 2016). It is well established

Global Navigation Satellite System (GNSS) coordinate time-series
(CTS) are known to be affected by unmodelled long-period sig-
nals and/or the propagation of sub-daily signals. These signals
are caused by many factors. Satellite and receiver antenna mod-
elling errors, mis-modelling of multipath signals, troposphere mis-
modelling, solar radiation pressure (SRP) orbit modelling deficien-
cies and loading effects (atmosphere, ocean, hydrology) are some
of the factors which may cause spurious signals in the CTS (Ge
et al. 2005; Penna et al. 2007; Tregoning & Watson 2009; King &
Watson 2010; Rodriguez-Solano et al. 2011; Griffiths & Ray 2012;

that one needs to have these effects in mind when using GNSS to
study subtle geophysical signals and processes.

Global Positioning System (GPS) satellites have a revolution pe-
riod of a half sidereal day and the constellation repeats once per
sidereal day (GPS-ICD 1993; Agnew & Larson 2006). Hence the
power spectrum of the GPS Position Dilution of Precision (PDOP)
shows a prominent signal at one sidereal day (Dach et al. 2009)
and sampling of the signal over a period slightly different from a
sidereal day may introduce spurious signals. Ray ef al. (2007) de-
tected draconitic harmonics in the CTS of 167 International GNSS
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Figure 1. Selected GNSS stations from the IGS network, which are capable of observing both GPS and GLONASS used in this study. Symbols show
the GLONASS-specific antenna/radome calibration for the period 2008-2015. Yes (green triangles) and No (red dots) indicate stations with and without
GLONASS-specific antenna/radome calibration, respectively. Yes+No (blue diamonds) indicates stations where antenna/radome changes occur between 2008
and 2015 and hence have a combination of GLONASS-specific calibrated and uncalibrated antennas in the specified period. If GLONASS-specific calibrations
are not available, the corresponding values from GPS-specific calibrations are assumed. All stations have GPS-specific antenna/none calibrations with few of
them without antenna/radome calibrations. Though the antenna/radome combination information is provided here, the impacts of the GNSS-specific calibrations

on the results are not studied in this paper.

Service (IGS; Dow et al. 2009) stations, which were part of the In-
ternational Terrestrial Reference Frame 2005 (ITRF2005; Altamimi
et al. 2007) network. The draconitic period is the time needed for the
constellation to repeat its orientation to the Sun in an inertial frame.
The time varies from one constellation to the other and it takes
nearly 351.2 and 353.2 d to repeat the orientations for GPS and
the Russian GLObalnaya NAvigatsionnaya Sputnikovaya Sistema
(GLONASS), respectively.

Following Ray et al. (2007), several different studies have con-
firmed the existence of the draconitic harmonics in all GPS de-
rived products (Amiri-Simkooei et al. 2007; Collilieux et al. 2007;
Tregoning & Watson 2009; King & Watson 2010; Rodriguez-Solano
et al. 2011; Griffiths & Ray 2012; Amiri-Simkooei 2013; Ray
et al. 2013; Rodriguez-Solano ef al. 2014; Arnold et al. 2015;
Rebischung ef al. 2015; Sidorov & Teferle 2016). Studies have
indicated a high spatial correlation of the draconitic signals
which indicates the major sources to be satellite-linked rather
than site-specific (Collilieux et al. 2007; Ostini et al. 2007;
Amiri-Simkooei 2013; Rebischung et al. 2015). Nevertheless, site-
specific contributions to the powers of the draconitic frequencies
have also been demonstrated (King & Watson 2010; Sidorov &
Teferle 2016).

Subseasonal tidal signals, such as the fortnightly signal, are
prominent periodic features which are known to exist in GPS CTS
derived using products from the IGS or its analysis centres (ACs;
Griffiths & Ray 2012; Ray et al. 2013). The tidal signal signature
can have a direct and aliased nature due to parameter sampling
(Griffiths & Ray 2012; Ray et al. 2013). A 13.63/13.66 d period
from the direct and a 14.19/14.76 d period from the aliases are the
largest tidal potential periods in GNSS CTS (Ray ef al. 2013). For
this study 13.6 d will be used to represent the direct (13.63/13.66 d)
tidal periods. Another periodic feature which has been discovered
since the inclusion of GLONASS observations to produce a com-
bined GPS+GLONASS solution by some ACs is the periodic signal
around 8 d (Meindl 2011; Ray et al. 2013; Arnold et al. 2015). This
signal is related to the ground repeat period of the system (8 d).
These GLONASS-specific signals are related to the system’s satel-
lites ground repeat period and they exists in all station coordinate
components.

In this study, the nature of the periodic signals from different
GNSS are assessed. We inspect the periodic signals in CTS from

GPS-only, GLONASS-only and combined GPS+GLONASS Pre-
cise Point Positioning (PPP) solutions. Furthermore, we make use
of an in-house produced double-differenced (DD) network solution
using GPS-only observations. It should be noted that, hereafter, the
term GNSS will be used to label the combined GPS + GLONASS
solutions throughout the paper. The study briefly investigates the ef-
fects of model inconsistencies in a PPP processing strategy which is
particularly relevant as we employ products computed from different
GNSS software packages and we want to convince the reader of our
high quality solutions. Moreover, the GPS-only and GLONASS-
only solutions are assessed and compared to the GNSS solution
over a selected global network of stations (Fig. 1). At last, to inspect
the nature of the periodic signals, two different filtering methods
are employed. We term the filtering methods as close-pair spatial-
filtering and mask-filtering. The close-pair spatial-filtering follows
the idea of the dual continuous GPS (dual-cGPS) station concept
(Teferle et al. 2002) for which nearby stations are selected and
coordinate differences are computed. For the mask-filtering, arti-
ficial observation masking, where a certain part of the horizon is
masked, are simulated. The different features of the two filtering
methods are compared and the possible sources of the periodic sig-
nals are discussed. The goal of the filtering methods is to filter out
common signals and assess the possible sources of the periodic
features.

The descriptions on the overall processing strategies are given
in Section 2. Section 2 also demonstrates the influence of model
inconsistencies in PPP. In Section 3, we compare and discuss the
periodic nature of different solutions and filtering methods. Sec-
tion 4 summarizes and concludes the main results.

2 GNSS PROCESSING STRATEGY

In this study we mostly used a PPP instead of a DD strategy. As
PPP is based on a single station, the effects of site-specific errors
such as multipath and certain obstructions can easily be assessed.
Moreover, the computational efficiency and the independence of the
network configuration makes PPP more attractive than DD for our
purpose. Nevertheless, PPP can still deliver millimetre to decime-
tre levels of accuracy for both static and kinematic applications,
respectively (Zumberge et al. 1997; Bisnath & Gao 2009; Geng



Table 1. Summary of processing settings.

GNSS related periodic signals

Parameters Description

GNSS software Bernese GNSS Software version 5.2 (BSW52; Dach et al. 2015)

Strategy Precise Point Positioning (PPP)

System(s) GPS, GLONASS, GPS+GLONASS

Products Satellite orbits & clocks and ERPs from: CODE, ESA, IGS, JPL, MIT
Signal Ionospheric-free linear combination (L3)

Observable Undifferenced, both code and phase. Code observations are down-weighted

Sampling rate
Elevation cut-off angle
Observation weighting
Ionospheric refraction
Tropospheric refraction

Ocean loading
Earth and polar tide
Antenna phase centre

300s

30

Applied (elevation dependent weighting (w), w = cos?z, with zenith angle z)
First order eliminated with L3, higher order modelled

A priori hydrostatic delay, 6-hourly European Centre for Medium-Range
Weather Forecasts (ECMWF)

Mapping Function, Vienna Mapping Function (VMF1,
http://ggosatm.hg.tuwien.ac.at/DELAY)

Troposphere parameters (every 2 hr) and north—south and east—west
gradients (every 24 hr) are estimated with 5 m relative constraint

Applied (FES2004 ocean tide model, http://holt.oso.chalmers.se/loading/ )
IERS2010 (Petit & Luzum 2010)

igs08.atx file

(http://igscb.jpl.nasa.gov/igscb/station/general/pcv_archive)

Antenna phase centre offsets (PCOs) and phase centre variations (PCVs)

1451

corrected using GNSS-specific calibrations.

- If no correction for antenna/radome* corresponding

values are copied from antenna/none

- If no GLONASS-specific antenna calibrations are available,
values are adopted from GPS-specific calibrations.

*see Fig. 1 for stations with and without GLONASS-specific
antenna/radome calibrations

Estimated parameters

Station coordinates (daily), troposphere parameters (every 2 hr) and

receiver clock corrections (epoch-wise)

et al. 2012) while mathematically the two processing strategies are
equivalent (Dach er al. 2008). However, for comparison purposes
DD results are also used and discussed. The PPP solutions are
computed by fixing the final satellite orbits and clocks, and Earth
Rotation Parameters (ERPs) in the Bernese GNSS Software ver-
sion 5.2 (BSW52; Dach et al. 2015). In this study the employed
products are from the IGS (Dow et al. 2009) and four IGS ACs,
that is, the Center for Orbit Determination in Europe (CODE, ftp://
ftp.igs.org/pub/center/analysis/code.acn), European Space Agency
(ESA, ftp://ftp.igs.org/pub/center/analysis/esa.acn), Jet Propulsion
Laboratory (JPL, ftp://ftp.igs.org/pub/center/analysis/jpl.acn) and
Massachusetts Institute of Technology (MIT, ftp:/ftp.igs.org/pub/
center/analysis/mit.acn). The PPP processing details are described
in Table 1.

With the advent of other GNSS, multi-GNSS PPP solutions
have gained more attraction and focus of recent studies (Dach
et al. 2009, 2010; Chen et al. 2013, 2015). The use of multi-
ple GNSS provides improved satellite geometry and as a conse-
quence improves position accuracies. Improvements have already
been demonstrated for multi-GNSS combinations for high-rate
and real-time applications (Wanninger & Wallstab-Freitag 2007;
Ji et al. 2010) and for orbit estimation and long time-series ef-
fects (Dach et al. 2009; Meindl 2011; Fritsche et al. 2014; Arnold
et al. 2015; Chen et al. 2015). However, in multi-GNSS data pro-
cessing one has to give special attention to different biases which
arise from the use of different systems and/or frequencies (Dach
et al. 2010; Chen et al. 2013, 2015). These biases can be dif-
ferential code biases (DCB) due to the hardware delay for Pre-
cise (P) and Coarse (C) codes, inter-frequency biases (IFB) due to
the frequency dependency of different receivers and inter-systems

biases (ISB)—a response of the receiver to different systems (Dach
et al. 2015). In BSW52 the aforementioned biases are well handled
and one bias (the sum of the three biases) can be estimated for code
measurements. As the corresponding biases are absorbed by the
ambiguity parameters they are not estimated for phase observations
(Dach et al. 2015).

In GNSS data processing a reliable orbit model is vital be-
cause of the different satellite designs and characteristics of dif-
ferent systems. The Empirical CODE orbit model (ECOM, Beutler
et al. 1994) which has been developed in the early 1990s was used
by most of the IGS ACs until recently. However recent experi-
ments, with the increased number of GLONASS satellites, indi-
cated that the model has shortcomings for GLONASS and to im-
prove the situation a new-ECOM has been developed by the CODE
group (Arnold et al. 2015). With the release of this new-ECOM
we updated our BSW52 orbit model to reduce the expected in-
crease of RMS values during orbit fitting in case the old-ECOM
is used to fit products produced using the new-ECOM. Neverthe-
less, we have made an experiment to test if there are any signif-
icant coordinate differences in our PPP solutions from fitting the
products of the old-ECOM using the new-ECOM. This test was
necessary as the operational CODE products have three phases
(see ftp://ftp.unibe.ch/aiub/bswmail/bswmail.0335) and to demon-
strate the influence of model inconsistencies in case of PPP (Teferle
et al. 2007; Bock et al. 2012).

For CODE, the first phase products are produced before 2013
July 14 while the second phase products are produced between
2013 July 14 and 2015 January 4. The third phase products are pro-
duced from 2015 January 4 onwards. The main differences between
the first and the second phase products are the no-SRP a priori
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Figure 2. Coordinate differences for solutions estimated with an orbit fit of the old-ECOM and the new-ECOM for all components for station ONSA, Onsala,
Sweden. GPS-only observations and CODE products were used. By orbit fitting we are referring to the polynomial representation of the inertial Cartesian
positions of the satellites which is always the primary step while processing in BSW52. The upper, middle and lower panels are for north, east and up
components, respectively. The vertical dark grey lines show the three phases of the CODE operational products (see the text for details).

model and applications of albedo and antenna thrust in the latter. In
the first and second phases once-per revolution empirical SRP pa-
rameters are estimated. Besides a change in the angular argument,
which is a minor issue regarding consistency, the main difference
between the second and third phase products is that the twice and
four-times per revolution SRP accelerations are estimated in the
Sun direction in the latter phase (new-ECOM). Two PPP solutions
are generated using IGS and the four ACs products for this specific
experiment. In the first solution the orbits are fitted using the old-
ECOM (where only once-per-revolution terms in all components
and pulses at mid-night are set up) while in the second using the
new-ECOM (the differences between the old and new ECOMs are
described in Arnold et al. 2015). It should be mentioned that by
orbit fitting we are referring to the polynomial representation of
the inertial Cartesian positions of the satellites which is always the
primary step in BSW52 GNSS data processing. The two solutions
are created using the same settings as in Table 1 except for the
polynomial representation of the orbits at the earliest stage of the
processing and are labelled as old-ECOM and new-ECOM. Coor-
dinate differences are computed between the two solutions for all

products employed in this study and are compared with coordinates
from ITRF2014 (http://itrf.ign.fr/ITRF_solutions/2014/) using the
latter as a reference.

Fig. 2 shows the coordinate differences between the two solutions
for station ONSA, Onsala, Sweden, for all coordinate components
produced using GPS-only observations and CODE products. The
dark grey vertical lines show epochs 2013 July 14 and 2015 January
4 to distinguish the periods of the different phases. Fig. 2 clearly
shows that the new-ECOM represents well orbits, which are pro-
duced using the old-ECOM (first phase orbits) and the coordinate
differences are negligible (~0.1 mm for all components). However,
for the second phase orbits the scatter of the coordinate differences
of the two ECOMs reach 1 mm for the horizontal components and
3 mm for the vertical component. This is because of the fact that
the albedo effect cannot be absorbed by the old-ECOM. Fitting the
third phase orbits (orbits from the new-ECOM) with the old-ECOM
might lead to coordinate differences of 5 mm for the horizontal and
10 mm for the vertical components. The reason here is that the
albedo and the twice and four-times per revolution terms of the
satellite accelerations cannot be absorbed by the old-ECOM. This
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Figure 3. Coordinate differences between solutions estimated with an orbit fit of the old-ECOM and the new-ECOM for all components for station ONSA,
Onsala, Sweden. The upper, middle and lower panels are for north, east and up components, respectively. The green, blue, magenta and brown colours (lines)
are coordinate differences from a GPS-only solution with ESA, IGS, JPL and MIT products, respectively. P1 and P2 in the ESA solution panels show epochs
2010 January 10 and 2014 April 20, respectively, where major changes to the ESA orbit modelling were made (see the text for details).

shows that only the orbit model in the first phase is fully consistent
with the product generation at CODE where the influence of the
inconsistencies for the other phases can be seen from Fig. 2. For the
combined IGS and other ACs products (Fig. 3) similar effects of
inconsistencies can be expected as it is not possible to achieve full
consistency as in the first phase of the CODE products.

Fig. 3 shows the coordinate differences between the two solutions
produced using GPS-only observations and IGS, ESA, JPL and
MIT products for the same station (ONSA, Onsala, Sweden). Four

different behaviours can be observed in Fig. 3 for the coordinate
differences created using the four different products. The differ-
ences for ESA (green lines in Fig. 3) show different characteristics
before P1, between P1 & P2 and after P2 (see vertical grey lines
and P1 & P2 texts in Fig. 3). The vertical grey lines (P1 & P2) in
the ESA based solution in Fig. 3 indicate the periods January 10,
2010 and April 20, 2014, respectively. The ESA products become
more consistent to the different orbit models in the periods between
P1 and P2 where the differences are more scattered before and after
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Table 2. Coordinate differences between the ITRF2014 and the solutions in Section 2. The coordinate differences are computed between solutions based on
PPP by fitting (polynomial representation of) the orbits using the new-ECOM & old-ECOM and the ITRF2014 solution for station ONSA, Onsala Sweden (see
the text). The ITRF2014 coordinates of the station are used as a reference and the mean and RMS of coordinate differences are computed accordingly for the
two solutions using products from CODE, ESA, IGS, JPL and MIT. The table the shows mean and RMS of the differences for north (N), east (E) and up (U)

components in mm.

Mean of coordinate differences

RMS of coordinate differences

new-ECOM old-ECOM new-ECOM old-ECOM
Product N E U N E U N E U N E U
CODE 0.00 0.05 0.09 —0.08 0.07 —0.14 1.80 2.35 4.03 1.85 2.37 4.07
ESA 0.06 —0.03 0.08 0.07 —0.04 0.08 2.44 3.50 4.32 2.51 3.53 4.55
1GS —0.06 0.04 0.29 —0.10 0.01 0.16 2.71 4.58 6.02 2.85 4.74 6.26
JPL —0.05 0.17 0.13 —0.11 0.11 —0.08 3.43 5.66 8.10 4.77 7.08 11.19
MIT —0.04 0.01 0.04 —0.05 0.00 —0.09 1.43 2.20 3.99 1.42 2.19 3.90

P1 and P2, respectively. For the period before P1 it can be related,
among other unknown reasons which are out of the scope of this
study to identify, to the software modifications they have made.
ESA started to produce products using a modified software since
GPS week 1566 (2010 January 10) as indicated in the IGS mail
(https://igscb.jpl.nasa.gov/pipermail/igsmail/2010/006133.html)
which is the period where the scatter starts to be (highly) reduced
in Fig. 3. The higher scatter after P2 is due to the major change
in the ESA orbit modelling where they started to use a box-wing
model (Rodriguez-Solano et al. 2012) as an a priori for SRP since
GPS week 1789 (2014 April 20).

The coordinate differences are more stable over time for the
JPL (magenta lines) and MIT (brown lines) products in Fig. 3.
However, the coordinate differences (scatter) are higher for JPL
compared to all products used here. This can be related to the
different stochastic filters in their orbit modelling compared to all
other ACs. The coordinate differences from MIT are less scattered
compared to all ACs (but more scattered than CODE for the first
phase orbits). This shows that the MIT products are produced using
the old-ECOM for the whole period used in this study and are well
represented using the new-ECOM. For the coordinate differences
created using the IGS products (blue lines in) higher scatter can be
seen starting from 2014 compared to the period before 2014. This
can be related to the ESA and CODE solutions dominating the IGS
combination. Overall, the coordinate differences are less scattered
for the IGS products. In the combined IGS products the effects of
the model changes are less pronounced. However, the consistency
of the PPP processing is not on the same level as for any of the
individual AC solutions which is the reason for the higher scatter
for IGS compared to the ACs such as CODE, ESA and MIT (Fig. 3).
For all products, the repeatability of the coordinates are improved
when the orbits are represented using the new-ECOM.

Both o0ld-ECOM and new-ECOM solutions are compared with
the coordinates from the ITRF2014 to see how much our PPP so-
lutions are away. Comparing the solutions with the ITRF2014 co-
ordinates (see Table 2), for station ONSA, the RMS of the (Up)
coordinate differences ranges between 4 and 8 mm with the mean
of the differences nearly zero for all products. The agreement be-
tween the solutions with the ITRF2014 coordinates is 3—5 per cent
better for the new-ECOM compared to the old-ECOM. In general,
the coordinate differences are at a comparable level for both old-
ECOM & new-ECOM and for all products except for JPL where
the scatter (RMS) of differences is higher. The main point of this
experiment is to show the sensitivity of the PPP strategy to products
and orbit modelling consistencies. In case of a full consistency (e.g.
first phase in Fig. 2) a PPP strategy can achieve the full accuracy

potential as a network DD solution. Modelling discrepancies cause
uncertainties and reflect in the resulting CTS (Figs 2 and 3). For
consistency the results of this study, which are presented in the next
sections, are all based on parameters estimated with orbit fitting
using the new-ECOM and hence the consistency is guaranteed. It
should be noted that the results of this section do not show which
products are better but highlight the consistency of the products
with the orbit model in BSW52 and the sensitivity of PPP strategy
for model inconsistencies.

3 RESULTS

GPS-only, GLONASS-only and GNSS PPP solutions are gener-
ated using IGS, CODE, ESA, JPL and MIT products from a se-
lected global set of GNSS stations (Fig. 1). The GPS-only solutions
are produced from IGS and all the aforementioned ACs while the
GLONASS-only and GNSS solutions are produced using ESA prod-
ucts only. To investigate the different periodic features in our PPP
CTS we have computed stacked power spectra over all stations for
all solution types. In addition to that, the same spectra are produced
for coordinate differences caused by simulated artificial masking
(mask-filtering) and coordinate differences between nearby stations
(close-pair spatial-filtering). The latter is essentially the same as the
procedure applied for the dual-cGPS stations as have been investi-
gated in Teferle et al. (2002). This section covers the solutions in
different subsections.

3.1 GPS-only solutions

To gain more insight into our CTS, we have plotted the normalized
power spectra of PPP-based, de-trended CTS computed using GPS-
only observations and products from CODE, ESA, IGS, JPL and
MIT for the period 2008-2015. The power spectra are stacked for
all stations and then smoothed with a boxcar smoother (e.g. Ray
et al. 2007). The consistency of the solutions was guaranteed as
has been outlined above which means that the differences between
the solutions are solely due to the products. Fig. 4 shows the result
of the stacked power spectra plotted with frequencies (cycles per
year (cpy)) in the x-axis and normalized power in the y-axis for
all components for the GPS-only solutions. The dark grey vertical
lines show the annual and semi-annual signals, the light grey dashed
lines show the cycles per draconitic year (cpdy; lepdy = 1.04 cpy)
up to the 10th harmonics, 13.6 d (fortnightly, ~14 d) period and
~8 d period.
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Figure 4. Power spectra of CTS (stacked from all stations in Fig. 1) for
GPS-only solutions using the CODE, ESA, IGS, JPL and MIT products.
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cycles, the light grey dashed lines are the 1.04 cpy and its harmonics (until
the 10th harmonic), the fortnightly 14 and 8 d period cycle.
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At first glance the general features of the power spectra of our PPP
CTS are identical to the features seen in global solutions of other
studies (Ray et al. 2007; Rebischung et al. 2015, 2016). As PPP
uses satellite orbits and clocks created in a global network solution,
the two pictures (the PPP and global solutions) are expected to
be identical. This confirms that our PPP solutions are correctly and
properly created. Besides, two remarkable points can be highlighted
in Fig. 4. The first is the faint fortnightly signal (the 13.6 d period)
in all components computed using the JPL products compared to
the others. The faint fortnightly signal in JPL is also confirmed
by Rebischung et al. (2015) from their analysis of the second IGS
reprocessing campaign (repro2) ACs CTS.
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The very existence of the signal in the PPP solutions produced
using all ACs and the IGS products may indicate it is a signal
coming from an error in the International Earth Rotation and Refer-
ence Systems Service (IERS) tide models (e.g. for solid Earth tidal
variations in the geopotential). However, the reason for the smaller
signal in our PPP solution using JPL products is not clear but might
be attributed to the stochastic character of their filter. Assuming
that the unmodelled geopotential acceleration is absorbed by the
stochastic characteristic of their (JPL) orbit model, one might ex-
pect the existence of the signal in a PPP solution produced using
their products. However, only a faint nature of the signal is shown in
Fig. 4. Furthermore, the signal is less pronounced in the horizontal
components compared to the vertical component.

The second and most interesting signal is the existence of the
8 d period in the power spectra of CTS computed using both CODE
and ESA products but not from those of IGS, JPL and MIT. The
8 d period is a well-known signal and has been associated with the
repetition rate of the GLONASS constellation with respect to the
ground network. However, it should be noted that the PPP solutions
in Fig. 4 are computed using GPS-only observations and products.
Only the GPS orbits have been extracted from the multi-GNSS prod-
ucts of CODE and ESA for this PPP solution. This is an indication
that the GPS-only orbits, which are computed in a rigorous way
from the combined GPS and GLONASS data processing, contain
a GLONASS-specific signal. Studies in the past described that the
combination of GPS and GLONASS neither improves nor degrades
the GPS-only orbit precision (Fritsche et al. 2014). On the other
hand, Dach et al. (2012) have shown that enabling the GLONASS
ambiguity resolution had also a positive impact on the GPS or-
bits. However, it is clear that the GPS products from GNSS ACs
(specifically CODE and ESA as in this study) carry a GLONASS-
specific period. The signal is more powerful in the horizontal com-
ponents (specially in the East component) than in the vertical com-
ponent. Nevertheless, the stacked spectra reduces significantly the
noise floor and that this signal would have a reduced impact in any
CTS.

The following points can be used to argue that the signal is an
effect of GLONASS over the GPS. First, the signal does not exist
in the PPP solutions based on the IGS and other ACs products.
Second, to our knowledge, there is no known periodic feature at this
frequency other than the GLONASS-specific signal in the GNSS
solutions. To understand the nature of the signal in a global net-
work solution we selected global stations which are used by CODE
in their repro2 solution. The British Isles continuous GNSS Facil-
ity (BIGF) and University of Luxembourg Tide Gauge Benchmark
Monitoring (TIGA; Schéne et al. 2009) analysis centres (BLT) have
completed a global GPS-only solution as a contribution to the IGS
TIGA working group using latest models and IERS conventions.
The solution is completed employing data of more than 700 sta-
tions using a network DD strategy in BSW52 where ambiguities
are resolved in baselines of up to 6000 km. The global solution
is created by extracting and fixing GPS-only orbits from CODE
repro2 products (Steigenberger et al. 2014) for the period before
2013 December 28 and CODE operational final products (Dach
et al. 2016) for the period between 2013 December 29 and 2015
December 31. The details of the processing strategy can be seen in
Hunegnaw et al. (2016). A total of 161 global stations, which are
also used by CODE in their repro2 and daily routine processing,
were selected from the 700+ stations. The stacked power spec-
tra of the de-trended, de-seasoned CTS are computed and plotted
in Fig. 5 using the same 161 stations for five different time win-
dows. The time windows where the power spectra are computed are
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the same stations but for different time windows (2003-2011, 20042012,
2005-2013,2006-2014, 2007-2015—see colour codes). The power spectra
of the different windows have been shifted along the vertical axis for clarity.
The vertical lines are as described in Fig. 4.

2003-2011, 2004-2012, 20052013, 20062014, 2007-2015. All
defined time windows have the same length (9 yr) in order to have
similar resolution of the frequencies. The reason we started in 2003
is that CODE started to include GLONASS observations in their
solution since then.

Fig. 5 shows that the draconitic signals and the fortnightly period
have very similar features for the windows. However, there is a clear
variation in the 8 d period for the different time windows. The 8 d
period in a global GPS-only solution is faint in the Up component
while it is powerful in the East component. The signal is faint in all
components for the windows 2003-2011, 2004-2012 but it starts to
show up in the horizontal components for the windows 2005-2013,
2006-2014 and 2007-2015, where it becomes very clear especially
in the East component for the latter two windows. This is an indi-
cation that GLONASS observations start to contribute more to the
solution since the system regained its full constellation in Decem-
ber 2011. Moreover, the number of GLONASS tracking stations
increases starting from 2007 (see fig. 2 in Fritsche et al. 2014) and
so is the contribution of GLONASS to the global solution.

The striking nature of the 8 d period in the East component can be
related to unsuccessful ambiguity resolution. Compared to the PPP
solutions, the period has less power (faint for the Up component)
in the global network solution, which indicates that a certain part
of the signal is reduced by differencing and ambiguity resolution.
In the GPS constellation, the main change in the aforementioned
windows is a modernization of the system where 11 BLOCK IIF
satellites were included in the constellation at the end of 2015 (3, 4,
8 and 11 BLOCK IIF satellites were available in 2012, 2013, 2014
and 2015, respectively).! Accordingly, one might suspect that the
BLOCK IIF satellites could contribute to the signal. However, as
the fortnightly and draconitic periods are more consistent in time,
and the 8 d period doesn’t exist in the solutions using products from
IGS and other ACs, we hypothesize that the 8 d period in the GPS-
only solutions is clearly a GLONASS effect. However, for a detailed
understanding on how a GLONASS-specific 8 d period shows up
in a GPS-only solution one will need a global solution with orbits
and other parameters estimated and this is beyond the scope of the
study.

3.2 GLONASS-only solutions

Stacked power spectra of the CTS produced from GLONASS-only
observations are computed for the same stations as shown in Fig. 1
for the period 2009-2015. Only ESA products are used to produce
the solutions as the IGS and other ACs do not provide GLONASS
satellite clock products over the time span. Fig. 6 (upper panel)
shows the result of the stacked power spectra of the CTS plotted
against frequencies (cpy) in the x-axis and normalized power in the
y-axis. The dark grey vertical lines show the annual and semi-annual
signals, the light grey dashed lines show cycles per draconitic year
(cpdy; lepdy = 1.034cpy) up to the 10th harmonic, the 13.6 d
(fortnightly, ~14 d) period, and the ~8 d period and its second
and third harmonics. It should be noted that 1.034 cpy instead of
1.04 cpy is used as the draconitic year for GLONASS is different,
that is, 353.2 d.

As with the GPS-only solutions, the draconitic signal peaks are
visible to the 9th and 10th harmonic in the stacked power spectra of
the GLONASS-only CTS (Fig. 6, upper panel). The very striking
features in the GLONASS-only solution are the elevated power of
the third draconitic harmonic and the 8 d period and its harmonics.
The third harmonic is very pronounced and is the nearly 120 d
signal discovered by Meindl (2011). This signal is nearly one-third
of a year and the elevated power is related to the three orbital planes
of the GLONASS system.

The other striking features in the GLONASS-only CTS are the
8 d period and its harmonics (second and third). The clear visibility
of the associated second (peaks at 4.03, 3.99 and 3.94 d) and third
(peaks at 2.67 and 2.63 d) harmonics of the 8 d period (peaks at
8.2, 7.98 and 7.8 d) is a clear indication that they are caused by
systematic errors in the orbits which reappear due to the ground re-
peat of the constellation. These harmonics, however, are faint in the
stacked power spectra of GNSS ACs CTS in their repro2 solutions
(Rebischung et al. 2015). This can be explained by the fact that
their solutions are from the processing of combined observations.
In addition, the reason for the faint second and third harmonics of
the 8 d period in the GNSS ACs repro2 solutions can be related to
the domination of the GPS-only tracking network and observations.

: http://www.navcen.uscg.gov/?Do=constellationstatus
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Figure 6. Power spectra of CTS (stacked from all stations in Fig. 1) for
GLONASS-only (upper panel) and GNSS (lower panel) solutions using
ESA products. In both panels the power spectra of the components have
been shifted along the vertical axis for clarity. For the upper panel the dark
grey vertical lines are the annual and semi-annual cycles, the light grey
dashed lines are the 1.034 cpy and its harmonics (until the 10th harmonic),
the fortnightly and 8 d period and its harmonics (4 and 2.67 d). For the lower
panel a mean value of 1.037 cpy is adopted as the solution contains signals
from both systems and the vertical grey lines indicate the harmonics up to
degree 10. The other dashed lines are as in the upper panel.

The GLONASS constellation was incomplete before December
2011. We suspect that the gaps in the constellation might have been
contributing to the spectrum at some of the frequencies. To inves-
tigate this contribution to the spectrum, we make a comparison by
creating solutions before and after the completion of the constel-
lation. This comparison might not be fully optimal as the stations
have different data gaps, GLONASS-specific antenna/radome cali-
brations (see Fig. 1) and the satellite orbit and clock products might
have different quality (e.g. Figs 2 and 3) before and after December
2011. To avoid this effect, we have made a GLONASS-only PPP
solution for the period 2012-2015, where GLONASS was complete
(reference solution). In addition, we created two more GLONASS-
only PPP solutions for the same period but by excluding satellites
which have not been part of the constellation before 2012 (see
Fig. 7). Taking the solution with 24 satellites as the reference solu-
tion, solutions two and three are created using 16 and 20 satellites,
respectively. Solution two is to assume the constellation gap in the
period 20082010 while solution three is to assume the gap in the
period 2010-2011.

Comparing the three solutions shows that the gaps in the constel-
lation contribute to the spectrum of some of the frequencies (Fig. 8).
The affected periods are the ~8 d period and its harmonics and the
~120 d period. The gaps in the constellation largely affect the
~4 and ~2.67 d periods compared to the main ~8 d period. From
the 8 d period, the ~7.8 d period is more consistent for the three
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Figure 7. Ascending node Vs argument of latitude of GLONASS constella-
tion as of 2012 July 18. (a) the complete constellation with 24 GLONASS-M
(blue diamonds) satellites which is used to create the reference solution. (b)
20 GLONASS-M satellites used for the second solution where satellites with
red text are excluded from contributing to the solution. (c) 16 GLONASS-
M satellites used for the third solution where satellites with red text are
excluded from contributing to the solution. The three solutions are created
with the same modelling and processing settings except for the excluded
satellites in each solution.
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Figure 8. High frequency section of power spectra of CTS (stacked from all stations in Fig. 1) for the three GLONASS-only PPP solutions using 16 (blue), 20
(red) and 24 (green) satellites (see Fig. 7). The three solutions are computed using ESA products. The power spectra of the three solutions are normalized to
the same scale. The left, middle and right panels are for 8, 4 and 2.67 d periods, respectively. The X-axis shows the period in days.

different solutions, while the ~7.98 d and ~8.2 d periods are more
affected by the constellation gaps. This can be seen from Fig. 8
where the powers are similar for the solutions with 16, 20 and 24
satellites for the 7.8 d period. This 7.8 d is the pervasive GLONASS-
specific 8 d period as seen already in Figs 4 and 5, and also in the
repro2 solutions of the GNSS ACs (Rebischung et al. 2015, 2016).
The gaps played a role in the ~4 d (4.03, 3.99 and 3.94 d) period
where the reference solution has nearly no power at the specified
frequencies compared to the other two solutions. The same holds
for the third harmonic of the 8 d period (~2.67 d) where again
the powers are faint for the solution with 24 satellites compared
to solutions with 16 and 20 satellites. The gaps also contribute to
the nearly third draconitic harmonic (~120 d signal). Comparing
solutions with 24 and 16 satellites, a ~23 per cent power reduction
of the ~120 d period is achieved by the former (figure not shown
here), but the power starts to be consistent for the solutions with 24
and 20 satellites.

Another feature from the GLONASS-only solution is the non-
existence of the main fortnightly signal. Fig. 6 (upper panel) shows
that the main fortnightly signal at the 13.6 d period (direct tide),
which is expected to be caused by the error in the tidal models, is
not identifiable in the power spectra of the CTS. Since GLONASS
and GPS orbits are estimated using the same software and orbit
model, the non-existence of the fortnightly signal in the GLONASS-
only solution can be a surprise. The fortnightly signal is present in
all GPS-only solutions using products from the IGS and all ACs.
Assuming that the signal is a tidal phenomenon one expects the
signal to also be present in both GPS-only and GLONASS-only
solutions. The signal is quite consistent in the GPS-only solution for
the different time windows (Fig. 5). This suggests that the different
satellite blocks (the GPS constellation modernization) do not affect
the solutions in different manners. In the case of GLONASS, the
non-existence of the fortnightly signal is consistent throughout, that
is, no effect is seen from the constellation gaps experiment.

‘We have two hypothesis on this issue. First, the non-existence of
the fortnightly signal in the GLONASS-only solution, if the signal
comes from an error in the [ERS tidal models for the solid Earth tidal
variations in the geopotential, can be related to a shallow resonance
of GLONASS satellites with the Earth rotation. GPS satellites are
in a deep 2:1 resonance with the Earth orbit (16 revolutions per 8

sidereal days) while GLONASS satellites are in shallow resonance
(17 revolutions per 8 sidereal days) (Dach et al. 2009). Second,
the signal could be an unmodelled orbit effect which is then finally
mapped into CTS where in this case, it is completely absorbed by the
orbit parameters in the GLONASS-only solution. However, more
experiments are needed to get a detailed understanding of this issue
and this is beyond the scope of this study. Nevertheless, this shows
that the fortnightly signal is more sensitive to the orbit dynamics of
the GNSS, while GPS is more affected due to the deep resonance
with the Earth rotation and tidal processes close to (semi-) diurnal
periods compared to GLONASS.

A significant signal at 14.76 d period is evident in the GLONASS-
only solution. The signal is more pronounced for the horizontal
(mainly East) components while it has a faint nature in the Up
component. This period is an alias effect of the errors in the tides
due to the 24 hr data processing scheme (Ray et al. 2013). This
signal has a faint nature in our GPS-only results (Fig. 4).

3.3 GNSS (GPS + GLONASS) solutions

Stacked power spectra of CTS from a combined GNSS solution is
computed for the same stations as shown in Fig. 1. As our data
length (7 yr) does not allow to resolve the two draconitic periods of
the systems (351.2 for GPS and 353.2 for GLONASS), we adopt a
mean draconitic period of 352.2 d and its harmonics (vertical grey
lines in the lower panel of Fig. 6) as in Fritsche et al. (2014). As
one would expect, the stacked power spectra of the CTS from the
GNSS solution contains signals from both systems (lower panel of
Fig. 6). However, it is worth noting that most of the system-specific
periods mentioned in Sections 3.1 and 3.2 are highly reduced for the
combined solution (Table 3). This is a clear indication of the benefits
of such a combined solution. In general, Table 3 shows the power
reduction over draconitic, fortnightly and 8 d periods of GNSS
solution compared to GPS-only and GLONASS-only solutions. In
the table positive values show a reduction and negative values show
an enhancement of power.

The main GPS-only signals which are reduced due to adding
GLONASS to the solution are the draconitic harmonics and the
fortnightly signal. The reduction of the fortnightly signal is very



Table 3. Power reduction (in per cent) over draconitic, fortnightly and
7.8 d period signals of GNSS solution compared to GPS-only and
GLONASS-only solutions using ESA products. The length of the GPS-
only solution is reduced to the same period as the GLONASS-only solution
for consistency. To avoid the impact of the GLONASS constellation gap on
the powers of some of the frequencies, the power comparisons are made
for the period 2012 onwards. Positive values show a power reduction while
negative values show a power enhancement.

Power reduction (per cent)

GPS GLONASS

Period North East Up North East Up
1 cpdy —29.0 37.9 1.2 20.8 0.7 7.0
2 cpdy 23.8 60.5 21.1 15.8 16.1 354
3 cpdy —51.5 —128.8 —88 63.3 48.5 59.3
4 cpdy 12.4 58.8 6.6 39.1 15.9 58.0
5 cpdy 12.7 29.8 7.3 29.2 30.0 49.1
6 cpdy 13.9 42.0 44.0 22.6 52.7 63.2
7 cpdy —11.3 315 3.98 31.7 63.8 63.0
8 cpdy 11.2 29.8 27.4 8.5 46.3 2.73
13.6d 52.0 522 36.7

7.8d 23.5 31.7 55.9

striking and reaches 52 per cent for the horizontal components
and 36 per cent for the vertical component (Table 3). This can
explain why the power spectra of the repro2 CTS from CODE have
very small amplitude in the 13.6 d period, especially in the Up
component. The little power in the 13.6 d period is true for all
GNSS ACs in their repro2 CTS as can be seen in Rebischung et al.
(2015) but the reduction is striking for CODE and the reason could
be the inclusion of GLONASS in CODE’s processing since 2002
(ESA includes GLONASS only since 2009).

However, there are some frequencies where the power gets
enhanced by including GLONASS to the GPS-only solution.
The effect is more obvious for the third draconitic harmonics
(~120 d period). In general, the inclusion of GLONASS bene-
fits more the horizontal components of the GNSS solution than the
vertical component. The power reduction of GPS-only periods due
to adding GLONASS is more significant in the even draconitic har-
monics than the odd ones. The more pronounced power reduction
for the even harmonics in the GNSS solution is a clear GLONASS
effect. Very strong odd draconitic harmonics for GLONASS have
been shown by Meindl (2011) for the geocentre Z-component. The
existence of the 8 d period and its harmonics in the GNSS solu-
tion (lower panel of Fig. 6) is also another clear effect of including
GLONASS in the solution. Table 3 also shows that GLONASS
benefits more from the GNSS solution for all draconitic harmon-
ics compared to GPS. The reason is attributed to the fact that the
number of GPS observations dominates those of GLONASS for all
stations. For GLONASS-only solution the vertical component ben-
efits more compared to the horizontal components and the power
reduction reaches 60 per cent in some of the draconitic harmonics.

A direct comparison of the powers for the GPS-only and
GLONASS-only solutions shows that nearly all frequencies have
(very) enlarged power for the latter (results not shown here). How-
ever, we argue that this is not optimal comparison as the former
dominates in terms of antenna/radome calibration (see Fig. 1), orbit
and clock quality, global network coverage and number of observa-
tions. We would expect the effect of GLONASS to be more signif-
icant once it reaches at a comparable level to GPS in terms of the
aforementioned factors.
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3.4 Discussion

As the existence of the aforementioned periodic signals in CTS has
been confirmed, the main question remains on the source and pos-
sible ways of mitigating them. With the main driver of the energy
being debated its sources can be classified into ground and space-
based. The ground-based sources are due to local (site-specific)
effects at stations. This happens as satellite-station geometry re-
peats at a certain period for a given GNSS (one sidereal day for
GPS, 8 sidereal days for GLONASS) and a parameter sampling
causes an aliasing of periods. The space-based sources can be
classified into a geometrical (number of planes, satellite inclina-
tion, repetition rates, eclipsing periods etc.) and on orbit modelling
parts (SRP modelling remains a dominant component). Another
factor could be the aliasing effects of the Earth Orientation Pa-
rameters (EOP) tidal errors which resonate with the GNSS orbital
periods.

Previous studies demonstrated a spatial correlation of the dra-
conitic signals and their inspection indicated that the main con-
tribution of the draconitic powers are satellite-linked (Amiri-
Simkooei 2013; Rebischung et al. 2015). Nevertheless, site-specific
linkage to the powers have also been demonstrated (King & Wat-
son 2010; Sidorov & Teferle 2016). To clarify the sources of the
periodic signals, two filtering methods are proposed here. The first
filter is a masking-filter, which is performed by simulating an ob-
struction mask in a certain part of the horizon thereby ignoring
the observations in that direction. Then the coordinate differences
for the same station with and without the mask are computed. The
second filter is a close-pair spatial-filtering, which is performed
by computing coordinate differences between two nearby stations.
Teferle et al. (2002) termed this a dual-cGPS station pair and ap-
plied the method to CTS of ¢GPS stations with short observation
time spans.

For the mask-filtering approach an artificial masking scenario is
simulated using an azimuth dependent masking feature in our mod-
ified version of BSW52 (Abraha et al. 2016). For this section two
different PPP solutions are created. One (the reference solution)
using the existing data as in the above sections while the second
solution is by implementing the artificial mask as in Fig. 9(a). Both
solutions follow the same settings, procedure (Table 1), models and
products except for the implemented mask and hence the consis-
tency of the solutions is guaranteed. It is worth mentioning here
that the features seen from the mask-filtering are observed from any
kind of mask (different scenarios in the north, east, west and other
directions are tested, results not shown) irrespective of its severity
and azimuthal direction and coverage.

Fig. 9 shows the sky plot of GPS (blue lines) and GLONASS (red
lines) satellites before (panel b) and after (panel ¢) the mask (panel a)
is considered. The simulated mask is implemented for all stations in
the network to produce the second solution. The differences between
the coordinates of the two solutions are computed and we termed this
as mask-filtering. As we have ensured a fully consistent processing
of the observations with and without masking, the differences in
the coordinates can be solely attributed to the assumed mask. This
is performed for GPS-only and GNSS solutions and the stacked
power spectra of the coordinate differences for both solutions are
computed.

Fig. 10 shows the percentage of missing data (left panel) due to
the obstruction mask and its power spectra (right panel) for station
ONSA, Onsala, Sweden. One can see considerably system-specific
features in the figure. The main features are powers at a sidereal day
for GPS and 1/3 of a sidereal day for GLONASS which are linked



1460

Figure 9. (a) Obstruction mask simulated in the south direction between azimuths 130° and 230° (grey colour is the masked part of the sky); (b) the actual
skyplot for station ONSA, Onsala, Sweden, without mask; (c) the skyplot with the mask in (a) applied. In panels (b) and (c), the blue and red lines denote the
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sky-tracks for GPS and GLONASS satellites, respectively.
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Figure 10. Percentage of missing data (left panel) and associated power spectra (right panel) for station ONSA, Onsala, Sweden. Red line is the hourly
time-series of percentage of missing data caused by the mask as in Fig. 9, blue line is the power spectra of the percentage of missing data time-series. Upper,
middle and bottom panels are for GPS-only, GLONASS-only and GNSS, respectively.

to the geometry repeat of the satellites (Dach ez al. 2009). Of course
the GNSS solution contains all signals from both systems but with
reduced power. These features can be an indication that obstructions
(or anything which changes the geometry) can cause errors which
may propagate into long-term CTS with GNSS-specific periods as
was described in Abraha et al. (2016). Similar features are observed
for all stations (results not shown).

In general, for most of the stations the percentages of missing
data range between 10 per cent and 22 per cent. The implemented
mask is in a certain direction and hence the amount and quality of
data masked may vary from station to station as systematic errors
like multipath are site-specific. Hence, the masking may reduce
systematically noisy data (e.g. due to multipath) for some stations
while for others the results are degraded as the good data is masked.

Figs 11 and 12 show the stacked power spectra of the coordi-
nate differences due to the simulated mask as shown in Fig. 9 for
GPS-only and GNSS solutions, respectively. The mask-filtering is

performed for every station in the network and the power spectra of
the coordinate differences are stacked together. The main results of
Figs 11 and 12 can be described as follows; clear draconitic signals
up to the 10th harmonic, the sudden flattening of the power spectra,
clear visibility of the fortnightly signal and the disappearance of
the 8 d period in the differences for the GPS-only solution which
was observed in Figs 4 and 5. We return to the aforementioned
features shortly. For a better explanation of those features a set of
nearby stations are selected from the IGS network (Fig. 13). The
dual-cGPS stations in Fig. 13 all have baseline distance of less than
10 km. A GPS-only PPP solution using CODE products is created
with the same strategy as in Section 3.1 for the stations in Fig. 13.
Finally coordinate differences are computed between the dual-cGPS
stations (close-pair spatial-filtering) and stacked power spectra are
computed.

Essentially the close-pair spatial-filtering removes the satellite
effects and eliminates common signals (King & Williams 2009)
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Figure 11. Power spectra of the coordinate differences due to the mask in
Fig. 9 (stacked from all stations in Fig. 1) for the GPS-only solution using
the CODE (upper panel) and ESA (lower panel) products. The power spectra
of the components have been shifted along the vertical axis for clarity. The
vertical lines are as described in Fig. 4.
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Figure 12. Power spectra of coordinate differences due to the mask in
Fig. 9 (stacked from all stations in Fig. 1) for the GNSS solution using ESA
products. The power spectra of the components have been shifted along the
vertical axis for clarity. The vertical lines are as described in the lower panel
of Fig. 6.

as nearby stations observe similar satellite geometry. The stacked
power spectra of this filter (Fig. 14) shows most of the higher order
draconitic signals are substantially reduced with some remaining
small powers. These remaining powers are an indication that local
effects such as multipath and receiver antenna calibration errors
are still contributing to the draconitic signals supporting the find-
ings of King & Watson (2010) and Sidorov & Teferle (2016). The
close-pair spatial-filtering also removes the fortnightly signal (but
exists prominently in the mask-filtering, see next paragraph) which
is an indication that the major effect of the 13.6 d period also orig-
inates at the satellite level. Moreover, the fortnightly signal would
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Figure 13. Site locations which are selected for the close-pair spatial filter-
ing (blue-red pair on the map). The maximum baseline used for the close-pair
spatial-filtering is 10 km.
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Figure 14. Power spectra of the close-pair spatial-filtering computed and
stacked for 26 baselines as shown in Fig. 13. The power spectra of the
components have been shifted along the vertical axis for clarity. The vertical
lines are as described in Fig. 4. CODE GPS-only products were used to
generate the results.

also be removed if the tide model contained similar error for the
nearby stations, as one would expect.

However, unlike close-pair spatial-filtering, the mask-filtering
shows a very prominent power at the draconitic and fortnightly
periods. Simulating a mask for a certain station means taking out
a certain amount of observations (Fig. 10) and hence changing the
satellite geometry as seen by a specific station. Basically, the coordi-
nate differences between solutions with and without the obstruction
(mask-filtering) for the same station can be equivalent to computing
coordinate differences between two stations which observe different
satellite characteristics (satellite geometry, multipath environment,
observation rate etc.). Consequently, the stacked power spectra of
the coordinate differences contain elevated powers for periods of
the draconitic and fortnightly signals. This shows that most of the
draconitic powers are originating at the satellite level and is in
agreement with previous studies, which have demonstrated a high
spatial correlation of the draconitic signals (Amiri-Simkooei 2013;
Rebischung et al. 2015). This holds true also for the fortnightly
signal as its existence is prominent in the mask-filtering in contrast
to the close-pair spatial-filtering.

Another interesting feature from both filtering methods is the
elimination of the GLONASS-only signal in the GPS-only solu-
tions. This can be an indication that the GLONASS-only signal
contained by the GPS orbits might be the same for all satellites but
this remains to be confirmed. This is in agreement with the results
in Fig. 5, which suggests that a certain amount of the signal is re-
duced during differencing. Fig. 12 shows stacked power spectra of
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the coordinate differences due to the mask from a GNSS solution.
The same features as in Fig. 11 can be seen from the mask-filtering
of the GNSS solution. Moreover, highly elevated powers at the 8 d
period and its harmonics are visible. This is again an indication that
the 8 d period and its harmonics are caused by the ground repeat
of the constellation with the constellation gap contributing to some
extent.

Finally, the last feature in the stacked power spectra of the coor-
dinate differences of the mask-filtering is the sudden change in the
nature of the noise (Figs 11 and 12). Normally, the stacked power
spectra of the CTS (Figs 4 and 6) closely follow a coloured and
white noise process with the latter being clear at the highest fre-
quencies. However, the power spectra of the mask-filtering clearly
shows a higher flattening level (a clear change of coloured to white
noise) near 7-8 d. This is an indication that more white noise is
added due to the mask. A detailed noise analysis would confirm this
but is deemed beyond the scope of the study.

4 SUMMARY AND CONCLUSION

In GNSS CTS nonlinear motions triggered by geophysical signals
may be biased by some technical errors and unmodelled effects.
A good understanding of the errors and possible mitigation mech-
anisms are vital when using the time-series to study subtle geo-
physical processes. The annual and semi-annual signals are the two
most well-known prominent signals in GNSS CTS where nearly
40 per cent of the powers are caused by geophysical fluid mass
loads redistribution (Dong et al. 2002). Since Ray et al. (2007),
other prominent signals which are harmonics of the GNSS dra-
conitic year (351.2 d for GPS, 353.2 d for GLONASS) have become
well known periodic features. In addition, the fortnightly signal has
been a well-known periodic feature. Previous studies indicated that
most of the signals are satellite-linked with some part of them to be
contributed by site-specific errors such as multipath. One example
can be errors in the EOP which are known to be absorbed into the
orbit estimates which eventually result in draconitic and fortnightly
signals. With the advent of GLONASS and some IGS ACs including
its observations in their routine processing, GLONASS-specific pe-
riods (elevated power of the third draconitic harmonics, 8 d period)
have also been discovered (Meindl 2011).

Our PPP based stacked power spectra of CTS estimated using
GPS-only, GLONASS-only and combined GPS+GLONASS prod-
ucts of the IGS and its individual ACs (CODE, ESA, MIT and JPL)
show prominent signals at the annual, semi-annual, draconitic and
its harmonics as well as fortnightly and 8 d periods. The annual,
semi-annual, and draconitic signals are clear in all solutions com-
puted using the aforementioned products and the general picture
of the power spectra is similar to the global solution reported by
previous studies.

The fortnightly signal (13.6 d period) exists in all GPS-only so-
lutions with the solution based on JPL products showing a very
faint nature for this signal. The faint nature of the signal was also
reported in JPLs repro2 solution. However, one might expect the
existence of the signal in a PPP solution based on their products,
which is shown here that the signal is soaked. Though the exis-
tence of the signal in all our GPS-only PPP solutions based on
the IGS and other ACs products might indicate a relation to an
error in the IERS tide models, the faint nature of the signal in the
JPL based solution remains unexplained. One might claim that the
signal is absorbed by the stochastic character of their processing
filter as their orbit modelling is different from other ACs. How-
ever, the GLONASS-only solution does not show any feature at

the fortnightly period. This is a rather unexpected result as the
GPS+GLONASS products are estimated with the same software
and orbit models. The GLONASS products used here are from ESA
which are produced based on a rigorous GPS+GLONASS combined
solution. Extracting GPS-only and GLONASS-only orbits from this
combined product and producing PPP solutions using the observa-
tions and orbits from one system show a prominent 13.6 d period
for the GPS-only solution while it is not visible in the GLONASS-
only solution. This raises a question whether this signal is a tidal
phenomenon or an unmodelled orbit error which then maps into
the coordinates. In the latter case, it could be an unmodelled or-
bit issue which is then fully absorbed by the products during their
generation. If it was a tidal phenomenon, one expects the signal
to appear in both systems. However, the reason might be linked
to the deep resonance of GPS orbit repeats with the Earth rota-
tion and tidal errors close to (semi-) diurnal periods which makes
it to be more affected by the tidal effects than GLONASS. This
needs a further detailed analysis which is beyond the scope of this
study.

The GLONASS-only solution shows very clear features at a
nearly 8 d period and its harmonics. The 8 d period has second and
third harmonics which indicates that the period is related to sys-
tematic errors in the satellite orbits which reappear as the ground
geometry repeats. The 8 d period has features at 8.2, 7.98 and 7.8 d,
its second harmonic at 4.03, 3.99 and 3.94 d, and the third harmonic
at2.67 and 2.63 d. From the 8 d period, the nearly 7.8 d period signal
is consistent in power while the others are affected by the gaps in
the GLONASS constellation. The gaps in the constellation highly
contribute to the second and third harmonics of the 8 d period as
well. The elevated power at the third harmonic of the draconitic
period from the stacked power spectra of the GLONASS-only so-
lution is another very prominent signal. This signal is the nearly
120 d period and confirms the findings of Meindl (2011). The gaps
in the constellation also found to be contributing to some extent to
this period. The 8 d period which is now known as a GLONASS-
specific period exists also in the GPS-only PPP solutions produced
using CODE and ESA products. This is a rather unusual signal as the
solutions are computed using GPS-only products which indicates
that the GPS-only orbits contain a GLONASS-specific feature. It
is shown that certain amount of the power of the 8 d period in the
GPS-only solution is reduced by differencing and the existence of
the signal is more prominent in recent time windows (2013-2015),
which shows that GLONASS starts to contribute more to the global
solution.

System-specific signals are largely reduced in the combined
GPS+GLONASS solution. The GLONASS-only solution benefits
more from the combined solution compared to the GPS-only so-
lution with the power reduction reaching 60 per cent in some
of the frequencies. A significant reduction is observed from the
GPS+GLONASS solution for the fortnightly signal compared to
the GPS-only solution. The reduction reaches 52 per cent for the
horizontal components and 36 per cent for the vertical compo-
nent (Table 3). The system-specific signals arise from systematic
errors of a specific GNSS which recur due to different orbital
plane structures, orbit repeatability and incomplete constellation.
Similar effects can be expected from the other new GNSS such
as the European Galileo and Chinese BeiDou system (BDS). For
Galileo and BDS the orbit repeatabilities are 10 and 7 d, respec-
tively. Periodic signals associated with the orbital repeat frequen-
cies can be expected in CTS derived using these systems and more
reduction of system-specific signals can be achieved combining all
systems.



Using the azimuth-dependent masking feature in BSWS52 artifi-
cial observation masks were simulated and used as a mask-filtering
method. The stacked power spectra of the coordinate differences
caused by the simulated masks (mask-filtering) show very clear
peaks at the draconitic periods extending to the 10th harmonic and a
very clear fortnightly signal. For comparison, coordinate differences
are computed between nearby stations and the stacked power spec-
tra of the coordinate differences (close-pair spatial-filtering) show
that most of the draconitic signals and the fortnightly period disap-
pear. Comparing the mask-filtering and close-pair spatial-filtering,
with the former showing very prominent and the latter faint dra-
conitic and fortnightly signals, indicates that the major sources of
the power of the signals are satellite-linked rather than site-specific.
However, some remaining power in the latter filter still indicates a
contribution to the draconitic harmonic signals from site-specific
errors such as multipath and receiver antenna modelling errors. The
8 d period noticed in the GPS-only solution disappeared from both
filters which is an indication that it is to some extent a uniform effect
for all satellites which can be reduced by differencing.
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