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The diurnal and semidiurnal tidal displacements in the continuous GPS (CGPS) daily
coordinate time series cannot be perfectly removed by ocean tide models, especially in coastal
regions. The residual tidal displacements will propagate to the daily time series as alias signals
with longer periods ranging from about 2 weeks to 1 year, which can be theoretically calculated.
However, the alias signals with long periods (e.g., more than half a year) are difficult to detect
through alias harmonic analysis when the length of the time series is insufficient. To extract
all the diurnal and semidiurnal tidal displacements from the daily coordinate time series, we
propose the frequency mixing method, that is, converting the signals from a high frequency to
a low frequency, before the harmonic analysis. We demonstrate the feasibility of this method
using simulated data and analyze the spectra of real daily vertical residual time series from
eight globally distributed CGPS stations. The solar-related ocean tidal constituents (K1, P1, K2,
and S2) are clearly detected from the time series by this method, verifying that the FES2004
model on solar-related ocean tidal displacement should be improved.

1. Introduction

The joint contribution of the centrifugal force from the Earth’s revolution and the
gravitational attraction of the moon and sun generates the periodic surface displacement of
the solid Earth as well as the periodic migration of oceanic mass, which are called solid Earth
tide (or Earth body tide, EBT) and ocean tide loading (OTL), respectively.(l’z) These tides alter
the rotational and translational statuses of the solid Earth, and are absorbed by earth rotation
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parameters (ERPs) and geocenter parameters,(3 A4

and also cause site displacements in the solid
Earth-fixed frame (CE frame); such displacements appear in the time series of continuous
GPS (CGPS) station coordinates. The EBT causes vertical displacements of more than
dozens of centimeters in low-latitude regions, while the OTL can generate additional vertical
displacements of over 10 cm in coastal regions. These periodic site displacements caused by the
EBT and OTL are conventionally modeled during CGPS data processing. The EBT and three
long-period OTL effects (Mf, Mm, and Ssa) are considered to be well modeled to an accuracy
of around 1% according to the IERS Conventions 2010.°7® However, owing to the inaccuracy
of current tide models, the diurnal and semidiurnal tidal signatures still remain in the daily
coordinate time series, especially in the coastal areas. Taking the Weddell Sea and Ross Ice
Shelf as an example, the root mean square (RMS) of the vertical amplitude difference of various
tide models can reach 8 mm at some International GNSS Service (IGS) sites.”)

The increasing number of globally distributed CGPS stations and the advances in the
method of data analysis make the GPS technique particularly effective in validating ocean tide
models. Scientists have started to use CGPS observations to improve the accuracy of ocean tide
model predictions.(lo’lz) Current approaches to estimating the tidal displacements using CGPS
solutions fall into three categories: the harmonic estimation approach (static approach), the
kinematic approach, and the alias harmonic analysis.(g’lz’m)

The harmonic estimation approach (hereafter, the static approach) solves the harmonic
displacement coefficients of the primary (usually 8) tidal constituents as additional parameters
during the data processing of the static GPS batch solution (typically daily). This approach
(1516) and then adopted in CGPS data analysis by
Schenewerk et al'7 In early analysis, the misfit between their GPS-estimated M2 frequency
height displacement amplitudes and the Schwiderski ocean tide model prediction was within
5 mm.!"”  Then, King and co-workers used such a static approach to estimate the GPS
observed tidal displacements and compare them with FES99 ocean tide model predictions.
They found that the discrepancies between the GPS-estimated M2 height amplitudes and the

was first developed in VLBI data analysis,

model predictions were reduced to sub-mm levels."®19 Yuan et al. used a similar approach to
investigate the tidal displacements of 456 globally distributed CGPS stations and compared their
results with the predictions of eight recent global ocean tide models, namely, CSR4.0, NAO99b,
FES2004, TPXO7.2, HAMTIDElla, DTU10, EOT1la, and GOT4.7. They demonstrated that
the accuracy of their GPS displacement estimations is better than +0.24 mm for the lunar-only
constituents (M2, N2, Ol, and Q1), which is suitable for providing constraints on the internal
structure of the Earth.??

The kinematic approach applies the kinematic GPS techniques to obtain subdaily (<2 h)
coordinate time series from which the harmonic coefficients of tidal displacements can be
estimated by a conventional harmonic analysis. This approach was first demonstrated by Khan
and Tscherning, who obtained the M2 height amplitudes from GPS hourly coordinate time
series spanning 49 days. The discrepancies between their estimates and the GOT99.2 ocean tide
model predictions are less than 3.4 mm.?" Similar subsequent studies have been carried out
for different regions. The resulting M2 height amplitudes deviate from the various ocean tide
model predictions by about 1-4 mm."*??>2% Using the postprocessed kinematic precise point
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positioning GPS with appropriately tuned process noise constraints, Penna et al. demonstrated
that the periodic displacements can be reliably observed at the 0.2 mm level, which is sufficient
to test and refine the ocean tide and solid Earth response models.!?

Although the accuracy of both the static and kinematic approaches have reached the sub-
millimeter level, neither of them can directly use the daily coordinate time series provided by
IGS data analysis centers. They require the reprocessing of the observation data with huge
workloads as well as a long data collection span (at least 10 years) to reduce the high correlation
with the atmospheric zenith delay parameters and potential interference from seasonal mass
loading. The vast amount of daily coordinates time series provided by the IGS analysis centers
has been used in various geophysical studies, such as those on crustal deformation, plate
tectonics, large-scale surface mass redistribution, mean sea level change, Earth orientation
parameters, reference frame, and coseismic and postearthquake deformation. In this study, we
explore the feasibility of studying tidal displacements directly from the daily coordinate time
series and assess the accuracy of the extracted tidal signals.

The diurnal and semidiurnal tidal displacements are not perfectly averaged to zero for the
span of the processing session and remain in the daily or weekly coordinate time series as alias
signals with longer periods ranging from about 2 weeks to 1 year, as confirmed by the simulated
series.?> The analysis of the regional vertical common-mode error series of the CGPS solutions
also revealed a significant spectral peak at the period of 14 days (alias period of the M2 tide),
which might be caused by the unmodeled M2 tidal displacements.(26’27)
others proposed an alias harmonic analysis to estimate the alias signals from the daily CGPS

Penna et al. and

coordinate time series through conventional harmonic analysis and then to convert them to the
original tidal displacement signals.?>*®) They demonstrated the feasibility of this approach to
extract signals of eight primary diurnal and semidiurnal tidal constituents using simulated daily
coordinate series.!>?> Later, Penna et al. extracted the alias tidal signatures from real CGPS
daily height time series spanning seven years.(zg)

In daily solutions, these diurnal and semidiurnal tidal signatures appear as multiple tiny
slowly varying harmonics with their alias periods, which are determined by the beat period
between the tidal period and the processing session or repeat orbit period.?>) Besides the
alias harmonic analysis, there is another flexible approach called frequency mixing, which
transforms all periodic signals embedded in the time series into a series of different periodic
signals with distinct frequencies while keeping the peak and phase characteristics of the original
signals. It was originally used in such fields of microwave communications, radio astronomy,
radar, plasma physics, remote control, remote sensing, and electronic countermeasures.?% %
For example, the approach used by Herring and Dong®® and Bohm et al.*¥ to estimate the high-
frequency ERPs belonged to the frequency mixing method with the mean sidereal frequency as
the distinct frequency. However, they applied frequency mixing during the processing session,
which required data reprocessing and code modification. So far, to the authors’ knowledge, this
method has not been used to detect diurnal and semidiurnal tide displacements directly from
the daily solutions for the end users.

In this study, we verify the feasibility of the frequency mixing method for extracting the
diurnal and semidiurnal tidal displacements from the daily CGPS coordinate time series, and
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compare the method with the alias harmonic analysis. Since the OTL effects in the height
direction are much larger than those in the east and west directions,(m) for brevity, in the rest
of this paper, we only focus on the height component of the GPS coordinate time series. In the
following Sects. 2 and 3, details of the alias harmonic analysis and frequency mixing methods
are given, respectively. The simulation data are analyzed through both of the approaches
described in Sect. 4, and the real CGPS daily vertical residual time series from eight selected
globally distributed stations are used to test whether the diurnal and semidiurnal tidal
displacements can be extracted through the two above-mentioned methods described in Sect. 5.
Finally, the discussion and conclusions are presented in Sect. 6.

2. Alias Harmonic Analysis

In signal processing, aliasing refers to the distortion or artifact, which results when the
signal reconstructed from samples is different from the original continuous signal. For example,
to correctly reconstruct a signal with a known frequency f, the sample frequency f; should be
higher than the Nyquist frequency fy = 2f. If not, aliasing occurs.

The alias frequency is calculated using®>)

£ =abs[f —%int( FA+0.5)], )

where /' means the alias frequency, f represents the original frequency of the signal, A is the
sampling interval, and the “int” function returns the largest integer less than or equal to its
argument.

Penna and Stewart have demonstrated that the unmolded diurnal and semidiurnal tidal
displacements will propagate to CGPS daily vertical time series as several spurious features
with long periods.*> However, the estimated amplitudes, periods, and phases of these
alias terms are easily affected by many systematic effects, such as those of the site position,
orbital configuration, and processing session length, because they are very sensitive to such
parameters as the period and amplitude of the input systematic error, the period and amplitude
of the satellite orbit, the location of a GPS station relative to the satellite, and the length of
the observation processing session window. In Table 1, we list the theoretical alias periods of
diurnal and semidiurnal ocean tidal constituents, computed using Eq. (1), and the alias periods
derived by Stewart and co-workers by the alias harmonic analysis of simulated CGPS data.(132%

Note that the periods of M2, S2, N2, OI, P1, and QI were defined in accordance with
Melchior,*> and the periods of K1 and K2 were defined as WGS84 earth rotation periods.(36)
P-AP denotes the estimated alias periods derived by Penna and Stewart, resulting from the 24 h
data processing and GPS constellation repeat orbit effects.?® S-AP denotes the estimated alias
periods derived by Stewart et al, listed in the order of descending amplitude.(!¥
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Table 1
Alias periods of diurnal and semidiurnal tidal constituents.
P-AP (days) S-AP (days)

Constituent  Period (h) 24 h Processing Repeat orbit Max1rpum Secor}dary

amplitude amplitude
M2 12.42 14.76 13.66 13.66 14.76
S2 12.00 0 182.63 182.63 365.26
N2 12.66 9.61 9.13
K2 11.97 182.63 0
o1 25.82 14.19 13.66 13.66 14.19
K1 23.93 365.26 0 ) 365.24
P1 24.07 365.24 182.63
Q1 26.87 9.37 9.13

3. Frequency Mixing

Frequency mixing means that signals are multiplied together to generate new frequencies.
It enables signals to be converted from one frequency to another so that signal processing, for
example, can be undertaken at a low or high frequency, whichever is easier to perform.

Assume there is an original high-frequency signal like Eq. (2), where a is the amplitude, o is
the frequency, 7 is the sampling interval, and ¢ represents the initial phase.

A(t) = ae'“?) @

To convert the frequency of the original signal, we multiply it with a fixed frequency signal
coswot. Then the original signal becomes a new combined signal that can be transformed into
two equal-amplitude parts, the sum frequency component w + ¢ and the difference frequency
component @ — @y, as shown by

A1) = %aei[(anwo)tﬂo] + %aei[(wfwo)tﬂp] ' 3)

Compared with the original signal, the sum frequency component of the new combined
signal becomes a higher-frequency signal, whereas the difference frequency component is
converted to a low-frequency signal. The amplitudes of both components are half the amplitude
of the original signal. After using a band-pass filter to isolate the sum frequency component, the
corresponding original high-frequency signal can be detected through the difference frequency
component. However, this method has a basic problem, the image frequency.

Assuming the component at the frequency of w — w¢ is what we want to find in the
spectrum, we presume that it corresponds to the original frequency o after being mixed with
the frequency wo. However, as shown in Eq. (3), which includes the component of cos(w — wo)z,
since cosine is an even function, the component at the frequency of @ — w¢ may also come from
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another frequency wjug = @ — wo, which is called the image frequency. For example, to detect
an original high-frequency signal at about 20 MHz, there are two fixed frequency signals that
can generate a | MHz difference frequency: 21 and 19 MHz. The latter fixed frequency of 19
MHz is called the image frequency.

There are two ways to avoid the appearance of the image frequency. The first one is to use
a special method that does not respond to the image frequency. The second one is to choose an
appropriate multiplied fixed frequency signal to minimize the possibility of image sensitivity.
As the first approach is more complex and thus unpopular, in this work, we simply choose the
second approach to reduce the effect of the image frequency.

4. Simulation Data Analysis

To verify the frequency mixing method mentioned above, we simulated a 12 year daily
vertical time series, which contain the diurnal tidal components plus Gaussian noise, as shown
in Table 2. The semidiurnal components can be handled in the same way.

The power spectrum obtained by Welch’s modified periodogram method is shown in Fig. 1.
The Hamming window is applied with the same length of segments, the overlap between the
segments is 50%, and the number of Fast Fourier Transform (FFT) points (nfft) is the next
power of two greater than or equal to the length of the segment. To avoid misidentification at

Table 2

Constituents of the simulation data.

Constituent Period Phase Amplitude Noise
K1 23.93 0 8 1
Ol 25.82 0 5 |
Pl 24.07 0 3 1
Ql 26.87 0 2 |

30} P = 341.33 (day)
P =14.22 (day)

P =9.39 (day)

N
(=]

PSD (dB)
o

10

0 0.05 0.1 0.15
Frequency (cpd)

Fig. 1.  (Color online) Power spectrum obtained by Welch’s method for four segments and the simulated 12 year
daily vertical time series with three peaks labeled. The 9.39, 14.22, and 341.33 day periods correspond to Ql, Ol,
and K1 or P1 respectively. The unit of frequency is cycles per day (cpd).
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the alias period of about 1 year, we adopted a segment number of 8, so as to make the effective
length of the segment more than 2.5 years, as suggested by Blewitt and Lavallée.®” One can
find that the alias periods for Ol and QI as listed in Table 1 are clearly present in the spectra,
while the alias periods of K1 and Pl are slightly shifted owing to the limited frequency
resolution. This suggests that the method used to extract diurnal tidal signals from the daily
time series using the alias harmonic analysis mentioned in Sect. 2 is not appropriate for K1 and
P1, whose theoretical alias frequencies are about 1 year.

Figure 2 shows the power spectra of the data simulated by frequency mixing with different
fixed frequency signals. The diurnal tidal signals are clearly detected, and their corresponding
image frequencies are distributed on the other side of fixed frequency. With a fixed signal with
a period of 22 h, the wanted diurnal and semidiurnal tidal signals are well separated with the
alias frequencies of the sum frequency signals, which are easy to remove using a low-pass filter.
However, if we adopt a fixed signal with a period of 23 h, the unwanted alias signals will be
inside the frequency band of the wanted tidal signals, e.g., there is an alias frequency between
the O1 and P1 frequencies. This suggests that an appropriate multiplied fixed frequency signal
for minimizing the possibility of image sensitivity is important for frequency mixing.

5. Real CGPS Vertical Residual Time Series Analysis
5.1 Data set and processing
To find diurnal and semidiurnal tidal displacements in the real CGPS time series using the

frequency mixing method, we selected eight globally distributed CGPS stations, as listed in Table 3.
The geographical distribution of these stations is shown in Fig. 3. NICO, NKLG, SHAO,

004 0045 005 0055 0035 004 0045 005
Frequency (cph) Frequency (cph)
(@ (b)

Fig. 2. (Color online) (a) Left panel: Power spectrum obtained by Welch’s method for the simulated 12 year daily
height time series using the frequency mixing method with a fixed frequency signal at the period of 22 h, labeled
with a dash-dotted line. The clearly detected tidal constituents are labeled with colorful characters. The colored
dashed lines denote the alias frequency of the up-converted image frequency of the tidal constituents labeled with
the same color. (b) The same as the left panel but with a fixed signal at the period of 23 h. The unit of frequency is
cycles per hour (cph).
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Table 3

Time series of eight CGPS stations.

Site Lat (°) Long (°) Time range (year) Data availability (%)
NICO 33.40 35.14 2008.00-2018.00 96.8
NKLG 9.67 0.35 2011.40-2018.00 90.3
SHAO 121.20 31.10 2008.00-2014.36 98.1
CHUR 26591 58.76 1995.13-2018.00 81.8
BRST 355.50 48.38 2011.00-2018.00 95.8
KARR 117.10 —20.98 2008.00-2014.80 96.7
KOKB 200.33 22.12 2008.00-2015.00 97.4
DGAR 72.37 —1.27 2008.23-2015.00 95.8

0° B0°E 120°E 180°W 120°W BO°W o0°

Fig. 3. (Color online) Geographic locations of eight IGS stations

CHUR, BRST, and KARR are located in continental coastal regions, while KOKB and DGAR
are on deep ocean islands.

The daily coordinate time series of these stations are provided by Scripps Orbit and
Permanent Array Center (SOPAC) (http:/garner.ucsd.edu), using a combination of independent
analyses performed by Jet Propulsion Laboratory (JPL) and Scripps Institution of Oceanography
(SIO) (http://geoapp03. ucsd.edu/gridsphere/gridsphere). The time series were generated using
an elevation cutoff angle of 10° and a 30 s sampling interval during the 24 h processing sessions
(with fix ambiguities). The new Global Mapping Function (GMF) was selected to estimate the
tropospheric zenith path delay. All the long-term ocean tidal components (Mf, Mm, and Ssa),
the principal diurnal and semidiurnal tidal signatures (M2, S2, N2, K2, K1, O1, P1, and QI)
and the solid Earth tide effects, are removed using the FES2004 ocean tide and standard models
advocated in the IERS Conventions 2010, respectively. The atmosphere loading effects are not
removed.

There are no large gaps in the time series of all stations, and the time series lengths of most
stations are about 6—10 years, except for CHUR, which has the longest time series of about
23 years. The constant offsets, linear trends, coseismic jumps, nonseismic jumps, postseismic
deformation, and local polynomial terms are removed from these time series using the
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Quasi-observation Combination Analysis (QOCA) software. 23

The seasonal (annual and
semiannual) terms are reserved, since part of the annual and semiannual terms might account
for the high-frequency alias signals. Although the data availability of the selected stations shown
in Table 3 is generally greater than 90%, the small time gaps in the time series will still affect
its harmonic analysis. In order to minimize the effect, firstly, we use the linear interpolation
method to interpolate the daily vertical residual time series to obtain a new evenly spaced
time series. The new time series are then analyzed by alias harmonic analysis (at the theoretic
alias periods in Table 1) and frequency mixing (at the original theoretic periods in Table 1) to
estimate the unmolded eight principal diurnal and semidiurnal tidal displacements, respectively.

The results are displayed in Figs. 4 and 5.
5.2 Interpretation of the results

As shown in Fig. 4, the spectra of the data from the eight stations present prominent separate
spectral peaks near the alias frequencies of K1 and P1. The other tidal signatures are negligible,
except for K2. The second primary spectral peaks of the CHUR station, with the longest time
series of 23 years, demonstrate the existence of the semidiurnal tidal signal K2. Since the
theoretical alias period of S2 is infinite, it is theoretically impossible to extract this tidal signal
by alias harmonic analysis, unless there is a slight frequency shift, which would change its real
alias frequency to about half a year as shown in Table 1, owing to other factors, such as the site
position, orbital configuration, and processing session length.®

Figure 5 shows the power spectrum for each station obtained by frequency mixing. The
diurnal tidal displacement constituents P1 and K1 and the semidiurnal signals S2 and K2 are
clearly detected and well separated. The detected P1 and K1 are consistent with their theoretic
tidal frequencies, whereas there is a frequency shift for S2 and K2. In addition, S2 cannot
be detected by alias harmonic analysis, and K2 is marginally detected in the longest time
series. This suggests that frequency mixing is more effective than alias harmonic analysis for
extracting the diurnal and semidiurnal tidal displacements from daily vertical residual time
series.

The power spectra obtained by frequency mixing indicates the existence of the diurnal and
semidiurnal tidal displacements at all eight stations, although this was modeled by the FES2004
ocean tide model. Table 4 lists the modeled amplitudes of the diurnal and semidiurnal tidal
constituents that have been removed from the original time series, and the estimated residual
vertical amplitude. The modeled vertical amplitudes of the tidal effects at each station are
calculated using the SPOTL software (https:/igppweb.ucsd.edu/~agnew/Spotl/spotlmain.html),
in the instantaneous center of mass (CM) reference frame, and convolved with the ocean tide
model FES2004 with Green’s function.®” The residual vertical amplitudes of K1, P1, S2, and
K2, detected by the frequency mixing method, are estimated at their difference frequency by
least squares fitting.!” The amplitude squeezing effect has been considered since the CGPS
daily time series is an average solution of the station coordinates. The amplitudes of diurnal
and semidiurnal tidal displacements after considering the amplitude squeezing effect 4;" are
calculated using Eq. (4),” where J; 1s the frequency of the periodic signal j, 4; represents the
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(Color) CGPS daily vertical residual time series and power spectra for data from eight IGS stations. For
each station, the upper panel shows the original (blue) and interpolated (red) time series, and the site name is labeled
in the right top corner; the lower panel shows the power spectrum with the theoretical alias frequencies labeled. The
alias frequencies of K1 and P1 are too close to be resolved in the plot.
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Table 4
Ocean-tide-modeled and CGPS-estimated tidal displacement vertical amplitudes.
Site S2 (mm) K2 (mm) K1 (mm) P1 (mm)

M-AM D-AM PER M-AM D-AM PER M-AM D-AM PER M-AM D-AM PER
NICO 1.13 0.21 15.8% 0.31 021  40.5%  0.59 3.85  86.7% 020 446 95.7%
NKLG 6.83 021  3.0% 1.75 0.21 10.7% 3.32 0.61  155% 1.09 0.81  42.7%
SHAO 1.51 0.00  0.0% 0.23 0.84  78.6% 6.75 405  37.5% 218 446  672%
CHUR 2.29 1.27  35.6% 0.36 0.63  637%  2.84 1.01  26.3% 0.98 0.81 453%
BRST 13.68 0.00  0.0% 3.27 0.84  20.5%  4.40 425  49.2% 1.45 487  771%
KARR 8.26 0.00  0.0% 1.87 0.21 10.1%  10.02 203  16.8% 3.31 223 40.3%
KOKB 8.26 042  49% 1.87 0.63  253% 10.02 142 12.4% 3.31 .22 26.9%
DGAR  16.36 042 2.5% 4.14 0.21 4.8% 2.13 243 53.3% 070  2.64 79.0%

Notes: M-AM means the modeled height amplitudes of the FES2004 ocean tide model, D-AM means the estimated
residual amplitudes from the least square fit to the time series, and PER means the percentage of the estimated residual
amplitudes relative to the real amplitude under the hypothesis that the real amplitude is the sum of the modeled and
estimated vertical amplitudes.

estimated amplitude from the daily vertical residual time series, and A¢ represents the data
processing session.

, sin(7 f;At)
i = jT_it “)

As listed in Table 4, for most stations, K1 and P1 are the larger tidal displacements in the
estimated four tidal displacements, with amplitudes of 0.61—4.87 mm, and S2 is the smallest.
Assuming the sum of the modeled and estimated vertical amplitudes is the real amplitude,
the percentage of the estimated residual amplitude denotes the relative uncertainty of the tide
model. The ratio of the estimated residual S2 amplitude is less than 35.6% for each station,
while the percentages for P1, K2, and K1 can reach 95.7, 86.7, and 78.6, respectively. This
implies an inconsistency between CGPS observed results and the FES2004 ocean tide model
outputs, especially for the components of P1, K1, and K2.

7. Discussion and Conclusion

We analyze eight globally distributed CGPS daily vertical residual time series by alias
harmonic analysis and frequency mixing. The time series lengths of most stations are about
6—10 years, except for CHUR, which has the longest time series of about 23 years. The
prominent separate spectral peaks displayed in Figs. 4 and 5 indicate the feasibility of these two
methods and the existence of these unmolded tidal displacements.

The detected four prominent tidal displacements illustrate the superiority of the frequency
mixing method, which is capable of detecting and efficiently separating the diurnal and
semidiurnal tidal signatures S2, K1, P1, and K2. Although the alias harmonic analysis can
detect K1 and PI1, separating them is impossible. K2 and S2 cannot be detected by alias
harmonic analysis, unless other factors affecting them are considered and there is more than
twenty years of long daily coordinate time series existing, such as the case of the CHUR station.
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Recent advances in space geodesy have demonstrated that the lunar-only tidal constituents
M2, N2, Ol, and QI obtained from the real CGPS observation of tidal displacements coincide
well with ocean tide model estimates. The discrepancies between the CGPS and model
estimates for the solar-related constituents S2, K1, P1, and K2 are relatively large.(20’41) The M2,
N2, Ol, and Q] tidal displacements not detected by frequency mixing also demonstrate that the
FES2004 ocean tide model is more favorable for the lunar-only tidal constituents.

A previous study revealed that the vertical uncertainty of different tide models can be up
to 8 mm in some coastal regions.(g) This is quite consistent with our amplitude of 4.87 mm
estimated by frequency mixing using CGPS daily residual vertical time series. The detected
residual amplitude percentages of K2, P1, and K1, as listed in Table 4, compared with S2,
are relatively large, which is also consistent with the conclusion of Yuan and co-workers,®->"
who documented that, in vertical components, the RMS between the CGPS observed tidal
displacements and model estimations for K2, P1, and K1 are relative larger than that for S2.

At present, the mechanisms responsible for the discrepancies in these constituents between
the CGPS observations and model estimates are still inconclusive. King? and Zhong ez al.*?
suggested in their previous reports, that the majority of the CGPS observation-versus-model
tidal displacement residuals of K1 and K2 may be due to the CGPS satellite orbit errors and
multipath effects. Furthermore, King and Williams proposed that satellite orbit mismodeling
and CGPS signal propagation effects (including tropospheric and higher-order ionospheric
effects) are more serious than local site effects such as multipath.(44)

The detected tidal displacements of K1 and K2 in Fig. 5 appear exactly at their theoretic
frequencies, while there appears to be a frequency shift for S2 and K2. In agreement with a
similar simulation described in Sect. 4 with the detected 4 tidal constituents, we found that the
peaks close to the frequencies of S2 and K2 actually originate from the alias signal due to the
image of the alias frequency of P1 and K1 after frequency mixing, which can be calculated
using

Fie =05 = f) =] = f1 DA+ O+ 1. ©)

where ff;, is the fixed frequency mixed with the original frequency f and f;, is the image alias
frequency of /' — fsix added to fs;,. This suggests that both the diurnal and semidiurnal tidal
constituents found in Fig. 5 are reliable.

Both the alias harmonic analysis and frequency mixing methods can directly use the
existing daily coordinate time series, and are more convenient than the static and kinematic
approaches, which require data reprocessing. However, the alias harmonic analysis method has
some deficiencies. First, the estimated amplitudes, periods, and phases of these alias terms are
easily affected by many systematic effects, such as the site position, orbital configuration, and
processing session 1ength.(]3) Second, the detected annual and semiannual alias signatures may
be affected by other geophysical factors, such as the mismodeled solid Earth tide, atmospheric

mass loading, snow and soil moisture mass loading, and under groundwater 10ading.(38)
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We concluded that the frequency mixing method can be used for detecting the diurnal and
semidiurnal tidal displacements from CGPS daily vertical time series. It is a technique effective
for evaluating ocean tide effects using CGPS high precision daily solutions, which is sufficient
to improve the GNSS data processing accuracy and provide high-precision three-dimensional
spatial geographic information for the development of the smart city. The primary goal of
this work was to verify the feasibility of the method. The improvement and application of this
method to regional or globally distributed sites shoud be further investigated.
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