
Vol.:(0123456789)1 3

GPS Solutions (2024) 28:33 
https://doi.org/10.1007/s10291-023-01573-8

ORIGINAL ARTICLE

Analysis of sub‑daily polar motion derived from GPS with different 
temporal resolutions

Yaquan Peng1 · Yidong Lou1 · Xiaolei Dai1 · Chuang Shi2

Received: 12 June 2023 / Accepted: 29 October 2023 / Published online: 17 November 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
This study investigates the sub-daily polar motion (PM) derived from different estimation interval solutions ranging from 
5 min/2 h. By analyzing a 3-year continuous time series of the PM estimates using Global Positioning System (GPS) obser-
vations, we conclude that PM should be parameterized as piecewise constant for intervals no longer than 30 min, while 
piecewise linear parameterization is more appropriate for longer intervals. The inconsistencies between the estimates and 
the background sub-daily PM model become more pronounced as the estimation intervals become shorter. The results dem-
onstrate that applying continuity constraints enhances the accuracy of PM rate parameter estimation by approximately 20%. 
However, it is noteworthy that continuity constraints significantly modify and smooth the high-frequency content of the signal 
in PM. Therefore, when employing piecewise linear estimation, it is not recommended to use continuity constraints. Moreo-
ver, we find that sub-daily PM estimates are influenced by artificial signals, primarily caused by the resonance between the 
earth rotation and satellite revolution periods. These resonance signals are more obvious as the estimation interval becomes 
shorter, particularly at 4.8 and 8-h periods in the prograde and retrograde spectra, respectively. Finally, we implemented a 
sub-daily PM series with a 5-min temporal resolution and examined the recovery of the tidal coefficients for 38 tides. Over-
all, the residual signal amplitudes were generally small, with most of the main ocean tides below 5 μas. The largest residual 
signals were observed for S1 and K1 terms, with amplitudes of 13.1 and 18.0 μas, respectively.
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Introduction

Complex and multi-scale variations in the rotation of the 
solid earth are caused by the transfer of mass within the earth 
system and the exchange of angular momentum between its 
components (Gross et al. 2003). These variations are com-
monly characterized by earth orientation parameters (EOPs), 
which include polar motion (PM, expressed as X- and Y-pole 
coordinates), universal time (UT1), and the celestial pole 
offsets (dX, dY representing observed corrections to the the-
ory of precession and nutation, respectively). PM refers to 
the movement of the earth’s spin axis around the mean pole 
in the earth’s crust-fixed frame and the precession-nutation 

is the same motion with respect to inertial space (Brzeziński 
et al. 2002, 2004). UT1 is solar time that represents the mean 
rate of the earth rotation. In addition, PM and UT1 are also 
known as earth rotation parameters (ERPs). Studying sub-
daily variations (periods < 2 days that need sub-daily sam-
pling) in earth's rotation contributes to a deeper scientific 
understanding of its dynamical system. These variations pri-
marily arise from the redistribution and movement of mass 
in the solid earth, hydrosphere and atmosphere, with the 
hydrosphere having the most significant effect (Ray et al. 
1994; Chao et al. 1996).

The current International Earth Rotation Service (IERS) 
convention, known as the IERS 2010 model, relies on 
ocean tide models derived from satellite altimetry data to 
predict diurnal and semidiurnal variations in PM and UT1 
(Petit and Luzum 2010). In addition, the IAU2006A nuta-
tion model includes the effects of ocean tides on retrograde 
diurnal PM (Mathews et al. 2002). The Desai-Sibois model, 
based on the most recent TPXO8 ocean tide model, has 
demonstrated superior performance in predicting sub-daily 
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variations compared to the IERS 2010 model (Desai and 
Sibois 2016). However, these models do not consider the 
non-tidal atmosphere and ocean dynamics driven by the 
so-called radiational effects on sub-daily ERPs. In fact, the 
excitation mechanism of the atmosphere and dynamic ocean, 
which contribute approximately 30 and 10% to the sub-daily 
variations in PM and UT1, respectively, are not well under-
stood (Gross et al. 2009). Space geodetic techniques, such 
as Very Long Baseline Interferometry (VLBI) and Global 
Navigation Satellite Systems (GNSS), are sensitive to sub-
daily variations in earth rotation. PM observed from space 
geodetic techniques can be used to measure the disparity 
between background models and theoretical excitation. In 
theory, GNSS techniques can only observe the PM due to 
the strong correlation of UT1 with satellite orbital param-
eters. Due to its global station coverage, continuous obser-
vations and increasing precision, GNSS, in particular, has 
been widely used to estimate the sub-daily variations in PM.

The sub-daily PM series derived from GNSS include the 
combined effect of both geophysical signals and the artifacts 
associated with the estimation strategy. Careful handling of 
artificial signals is essential as they can significantly impact 
the geophysical interpretation of the results. Previous studies 
conducted by Lutz et al. (2016) and Zajdel et al. (2020) have 
highlighted the superiority of long-arc solutions over 1-day 
solutions for estimated ERPs and the improvement in noise 
floor by employing long-arc solutions for sub-daily PM 
estimation. In addition, Hefty et al. (2000) and Rothacher 
et al. (2001) pointed out that solar radiation pressure (SRP) 
modeling issues could introduce systematic effects and arti-
ficial signals into GNSS-based PM series. The utilization 
of a priori box-wing models mitigates spurious signals in 
daily PM estimation (Peng et al. 2022) and improves the 
amplitudes of spurious signals at the harmonics of 24 h in 
sub-daily estimation. Moreover, the combined multi-GNSS 
solution reduces spurious signals arising from the resonance 
between the earth rotation and the specific system satellite 
revolution periods (Zajdel et al. 2021).

Most studies primarily focus on improving the quality of 
PM estimation by enhancing orbital parameter estimation 
strategies, but discussions regarding sub-daily PM parameter 
estimation models are often overlooked. Generally, shorter 
update intervals are considered more suitable for capturing 
the full range of PM variations over time periods. A 15-min 
temporal resolution is currently the highest update interval 
estimated from GNSS observations (Sibois et al. 2017). 
However, it should be noted that the overlapping accuracy of 
the PM parameters tend to decline as the temporal resolution 
increase. Sibois (2011) found that the processing interval of 
the network solution limits the maximum frequency update 
of the PM estimates. When the update period of the PM 
parameters reaches the limit of the processing interval, the 
correlation between the orbital states of the GNSS satellites 

and the PM parameters becomes very high, and the accu-
racy of the PM parameters suddenly diverges. Moreover, 
the continuous piecewise linear method is widely used for 
sub-daily PM parameter estimation when the temporal reso-
lution is reduced to 1–2 h (Hefty et al. 2000; Englich et al. 
2007; Artz et al. 2012; Rothacher et al. 2001; Zajdel et al. 
2021). This parameterization establishes continuity in the 
parameter series by applying additional constraints, improv-
ing the accuracy of the PM estimates, especially for the rate 
parameters. However, the continuity constraint will smooth 
the signal at near 2-day periods and force some spurious 
signals into the daily PM estimates (Ray 2008). Similarly, 
undesirable side effects are expected in the sub-daily estima-
tion when the continuity constraint is applied.

In this study, we finally provide a fully homogeneous 
and continuous three-year series from 2019 to 2022, with 
a 5-min temporal resolution of the PM from GPS observa-
tions. Our primary objective is to evaluate the impact of 
different estimation intervals on the recovery of signals from 
PM estimates and assess the quality of our PM solution with 
such a high temporal resolution. Therefore, observations 
from other GNSS constellations are not considered in our 
processing for the time being. We first describe our estima-
tion strategy for generating sub-daily PM estimates based on 
GPS ground tracking data. Then we evaluate the PM esti-
mates solved from different estimation intervals and conduct 
a significance test for the pole coordinate rate parameters. 
Afterward, the impact of continuity constraints on the qual-
ity of sub-daily PM is discussed in the time and frequency 
domains. Finally, we investigate both tidal and non-tidal sig-
nals in the time series of sub-daily PM estimates and shed 
light on the factors that influence the accuracy of sub-daily 
PM estimates.

Estimation strategy

This section provides an overview of the methodology 
used to estimate sub-daily PM from GPS observations and 
describes the solutions adopted in this study. The calcula-
tions were performed using the Position And Navigation 
Data Analyst (PANDA) software (Liu et al. 2003). The sub-
daily pole coordinates time series were derived from GPS 
observations collected by a globally distributed network of 
around 120 stations (as shown in Fig. 1). A network solu-
tion is adopted for precise orbit determination and sub-daily 
PM estimation. The processing details and the background 
models are summarized in Table 1. In our processing solu-
tion, the estimated parameters include station coordinates, 
orbital parameters (satellite position, velocities and solar 
radiation pressure parameters), satellite and receiver clocks, 
tropospheric delay and gradient parameters, ambiguities, 
pole coordinates and rates with sub-daily resolution, and 
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pseudo-stochastic pulses. Three years of GPS data, from 
DOY 150, 2019 to DOY 150, 2022 are processed with a 
5-min processing interval. We tested various arc lengths and 
found that 3-day arcs with a moving 1-day window yielded 
the best accuracy. We have estimated independent midpoint 

PM and rates for each interval. In addition, UT1-UTC is 
not estimated but is fixed to the IERS 14C04 solution. By 
convention, retrograde diurnal polar motion is considered 
pure nutation motion. Thaller et al. (2007) already described 
the problem of a one-to-one correlation between retrograde 
diurnal term of PM, nutation terms and satellite states. Nuta-
tion itself is not observable by satellite systems orbiting the 
earth. Therefore, the singularity between the retrograde diur-
nal term of PM and the orbital parameter should be resolved 
when dealing with sub-daily PM estimation using GPS. We 
use a zero-mean constraint to block the retrograde diurnal 
PM component, following the approach outlined by Hefty 
et al. (2000). The IERS provides standard pole coordinate 
time series, which are typically resolved daily. The lack of 
continuous sub-daily standard pole coordinates limits the 
external evaluation of our estimate. In this article, only the 
central daily estimates of the 3-day solution were analyzed 
to avoid boundary effects in our processing. In order to gain 

Fig. 1   Distribution of the 120 MGEX stations

Table 1   Description of the processing strategy

Constant processing features Strategy

GNSS considered GPS
Basic observables Ionosphere-free (IF) combinations of code and phase observations. C1C/L1C and C1W/L2W for 

L1 band; C2L/L2L and C2W/L2W for L2 band
Code biases corrected by the products provided by CODE
Time span DOY 150, 2019 to DOY 150, 2022
Estimator LSQ in batch mode
Processing interval 5-min
Arc length 3-day
A priori reference frame IGS14 (Rebischung and Schmid 2016)
Station coordinate Tight constraints to the igs{week}.snx ( � ≤ 10−3m)
Attitude mode yaw-steering + eclipse attitude model (Kouba 2008; Dilssner et al. 2018; Lou et al. 2022)
Antenna phase center offsets (PCO) and vari-

ations (PCV)
igs14.atx

Antenna thrust Rodriguez-Solano et al. (2012a)
Solar radiation pressure ECOM2 7 parameters (Arnold et al. 2015)
Earth albedo radiation Rodriguez-Solano et al. (2012b)
Solid earth tides, pole tides, and ocean tides IERS 2010 (Petit and Luzum 2010); FES2014b (Lyard et al. 2021) for ocean tides
Tropospheric delay Saastamoinen model and meteorological data from Global Pressure and Temperature (Saasta-

moinen 1972; Boehm et al. 2007) + Global Mapping Function (Boehm et al. 2006); Zenith wet 
delay and gradient parameters are parameterized as piecewise constants with a temporal resolu-
tion of 2 and 24-h, respectively

Earth orientation Precession and Nutation: IAU2006A
A priori pole coordinates: IERS 14C04
UT1-UTC: IERS 14C04 daily values (fixed)
Diurnal and sub-diurnal variations: corrected by Desai-Sibois model (Desai and Sibois 2016)

Pseudo-stochastic pulses (Sigma) Every noon and midnight epoch in the along-track ( 10−5 m/s ), cross-track ( 10−8 m/s ) and radial 
( 10−6 m/s ) directions

Variable processing features Strategy

Pole coordinates estimate intervals 5-min/15-min/30-min/1-h/2-h
Pole coordinates estimate models Piecewise constant/piecewise linear
Pole coordinates continuous constraint With/without
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insight into the quality of our pole coordinate estimates, we 
evaluate the time series through time and frequency domain 
analyses. 

The utilization of a reasonable background model is 
essential for accurate sub-daily PM estimation, as high-
lighted by Sibois et al. (2017). In our study, the Desai-Sibois 
(Desai and Sibois 2016) and IERS libration (Mathews and 
Bretagnon 2003) models are both applied in the GPS-based 
pole coordinate generation process to predict the effects of 
the oceans and libration on sub-daily ERPs. We aimed to 
investigate the influence of different estimation intervals on 
sub-daily PM estimation. However, it is essential to discuss 
the modeling of PM parameters throughout the estimation 
interval. Table 1 summarizes the variable processing strat-
egy in our experiment. We adopted two parameterization 
approaches for the PM parameter: constant and linear. This 
allowed us to explore the performance of PM estimates 
under different modeling assumptions. We employed dif-
ferent time intervals to investigate the impact of intervals 
on sub-daily PM estimation, including 5, 15, 30-min, 1 and 
2-h. We observed a substantial reduction in the correlation 
between the satellite orbital states and PM parameters after 
blocking the retrograde diurnal PM. A correlation analysis 
when the PM parameter update period is equal to the pro-
cessing interval is shown in Fig. 2. When the retrograde diur-
nal PM is not blocked, the position and velocity parameters 
of the G01 satellite exhibit a strong correlation with the pole 
coordinates. Similarly, a significant correlation is observed 
between the X-pole coordinates at different epochs. As a 
result, the pole coordinates cannot be accurately estimated 
(Sibois 2011). However, once the retrograde diurnal PM is 
blocked, the previously observed correlations between the 
pole coordinates and satellite states, and between different 
pole coordinates, are considerably diminished. Therefore, a 
5-min temporal resolution of the PM can be estimated.

Spectral analysis of sub‑daily PM estimates

Here, in order to determine the period and amplitude of 
residual signals, the time series of sub-daily PM estimates 
were analyzed in the frequency domain. The sub-daily PM 
estimates were derived using both piecewise constant and 
linear methods, utilizing estimation intervals of 2, 1-h, 30, 
15, and 5-min, respectively. We first analyzed the spec-
trum of the estimated PM rates. Figure 3 demonstrates the 
power spectra for the estimated X-pole coordinate rate series 
derived from the linear solution using various estimation 
intervals. Except for the 5 and 15-min solutions, the power 
spectrum shape for the X-pole coordinate rates is similar 
to white noise. The power spectrum of the estimated pole 
coordinate rates with different estimation intervals varies 
significantly. Shorter estimation intervals lead to increased 
noise in the power spectrum at high frequencies, making 
the estimated rates less stable and more prone to spurious 
signals. The power spectrum of 2, 1-h and 30-min solutions 
have distinct signals close to 24, 12, 8 and 6-h periods, 
which are attributed to various factors such as atmospheric 
effects, errors in background models, spurious signals from 
resonance between the earth rotation period and satellite 
revolution period and so on. The pole coordinate rates are 
probably useful as a probe of the geophysical excitation. 
However, the estimated rates are unstable and heavily con-
taminated by spurious signals when the estimated interval 
is shorter than 15-min. The source of these spurious signals 
is unclear, but may be due to unreliable estimates resulting 
from a lack of sufficient observations.

We also tested rate parameters derived from different esti-
mation interval solutions to determine their significance. The 
significance of rate parameters can be determined through 
a general linear hypothesis test on parameters (Koch 1999; 
Teunissen 2000). Two hypotheses are typically postulated 
for rate parameters:

where E(…) is expectation operator; and v̂i is the estimated 
rate at epoch i ; ṽi is the truth value of the rate. In our hypoth-
esis testing, the hypothesis H

0
 is accepted as true. Accord-

ing to this assumption, the following test statistic has the 
t-distribution:

where Dvivi
 is the variance, which is obtained from the esti-

mated covariance matrix. The test statistic w has the t-dis-
tribution with n − 1 degrees of freedom, where n represents 
the number of estimated rates. The probability of incorrectly 
rejecting the hypothesis H

0
 is represented by the significance 

(1)H
0
∶ E

(
v̂i
)
= 0 and H

1
∶ E

(
v̂i
)
= ṽi

(2)w =

v̂i√
Dvivi

∼ t(n − 1)

Fig. 2   Correlations between X-pole coordinates and orbital param-
eters for the 5-min interval solution in DOY 150, 2019. (1) retrograde 
diurnal PM is not blocked (2) retrograde diurnal PM is blocked. Only 
the correlations between the X-pole coordinates of the first three 
epochs and the orbital parameters of the G01 satellite are shown for 
clarity
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level ( � , � = 0.05 in our significance test). The hypothesis 
H

0
 is accepted with a confidence level of 1 − � if:

Then, if the test statistic w exceeds the threshold value 
t(

�

2

) , the hypothesis is rejected with the risk of �-probability. 

Therefore, each rate estimate v̂i(i = 1, 2,… ,m) is individu-
ally tested using the variance Dvivi

 with the test statistic in 
(2) at the significance level of � = 0.05 . The number k of the 
rate parameters that pass this test are counted to estimate the 
mean success rate (MSR) (Hekimoglu and Koch 1999):

The MSRs obtained for each estimation interval are pre-
sented in Table 2. Since we now assume that the hypoth-
esis H

0
 is accepted as true, the MSRs provide the proba-

bility of correctly accepting the hypothesis H
0
 . As shown 

in Table 2, the MSRs increase gradually as the estimation 

(3)P

�
�
����

v̂i√
Dvivi

�
����
< t�

𝛼

2

�

�

= 1 − 𝛼

(4)MSR =

(
k

m

)
× 100%

interval becomes shorter. The MSRs exceed 70% when the 
estimation interval does not exceed 30 min. Consequently, 
we assume that the rate parameters are almost negligible for 
estimation intervals falling within this range. In other words, 
the sub-daily PM should be parameterized as a piecewise 
constant. However, when the estimation interval is increased 
to 1-h, the MSR drops below 50%. When the estimation 
interval is 2 h, the MSR is 0%, which means that the H

0
 is 

completely rejected. Therefore, when the estimation inter-
val exceeds 1-h, it is advisable to use the piecewise linear 
method for PM estimation. Furthermore, in geophysical 
excitation studies, using the offset values rather than the rate 
values would be more reliable. Figure 4 displays the differ-
ence of power spectra of the estimated X-pole coordinate 
series derived from the piecewise constant and piecewise 
linear solutions using different estimation intervals. If the 
constant method was incorrectly used in the 2 and 1-h esti-
mation interval solutions, it would lead to the smoothing 
of the X-pole coordinate series signals. The most notable 
smoothing occurs around the period of 24 h. Even though 
the linear method is used for estimation intervals shorter 
than 30 min, the power spectra exhibit similar performance 
to the constant method series. This means that the rate 
parameters may have a minimal effect on the associated PM 
offset estimates.

We then investigate the impact of different estimation 
intervals on the quality of the estimated PM using this opti-
mal method. The mean and root mean square (RMS) of the 
estimated PM series are presented in Table 3. The offsets for 
X- and Y-pole coordinates remain consistent throughout all 
estimation intervals, with values of 2.5 and 4.2 μas, respec-
tively, which are aligned with the daily solutions (Peng et al. 
2022). We conclude that the estimation of sub-daily PM will 

Fig. 3   Power spectrum of the 
estimated X-pole coordinate rate 
series derived from the linear 
solutions with different estima-
tion intervals (Period < 2 days). 
The periods represented by the 
gray dashed lines are marked. 
Y-pole coordinate rates showed 
similar performance

Table 2   MSRs for the significance test with different estimation inter-
val solutions

Estimation interval Candidates Accepts MSR (%)

2-h 13,716 0 0
1-h 26,352 13,439 49
30-min 52,704 39,102 74
15-min 105,408 95,909 91
5-min 316,224 316,224 100
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not introduce any further systematic offsets. The RMS val-
ues of X-pole (Y-pole) coordinate estimates are 60.9 (60.1), 
63.7 (63.0), 65.3 (64.6), 66.6 (65.8) and 68.2 (67.3) μas for 
2, 1-h, 30, 15 and 5-min solutions, respectively. The RMS 
of the estimated PM reflects discrepancies between the 
observations and the a priori values, with these inconsisten-
cies becoming more pronounced as the estimation intervals 
become shorter.

Impact of continuity constraints

The utilization of piecewise linear method is recommended 
when the estimation interval exceeds 1-h. Introducing conti-
nuity constraints in PM estimation can improve the stability 
of PM estimates, particularly for daily resolutions (Brock-
mann 1997). However, it is important to acknowledge that 
continuity constraints may also introduce artificial signals 
and smooth out signals in the PM estimate series. To assess 
the impact of continuity constraints on sub-daily PM esti-
mation, we conducted a comparative analysis between PM 

series derived from solutions with and without continuity 
constraints. The discontinuities of the sub-daily PM time 
series are presented as the differences at each estimation 
boundary, which can be calculated as follows:

where offset
12

 and rate
12

 represent the PM and PM rate esti-
mates for two successive intervals. T  denotes the estimation 
interval.

Figure 5 illustrates the discontinuities in sub-daily PM 
estimates using a 2-h estimation interval. The correspond-
ing RMS of these differences is also depicted in Fig. 5 for 
each PM component. The observed discontinuities primar-
ily reflect the behavior of PM rate estimates. As shown, the 
solutions with continuity constraints exhibit reduced overall 
scatter. Specifically, after imposing continuity constraints, 
the RMS values decreased from 37.9 s to 30.5 μas for X-pole 
and from 38.9 to 31.4 μas for Y-pole coordinates, respec-
tively. This represents an improvement of about 20% in RMS 
compared to the solutions without continuity constraints. 
Furthermore, Fig. 6 depicts the power spectra of the esti-
mated PM series based on a 2-h estimation interval. For 
periods shorter than 2 days, the power spectra demonstrate 
a single power law behavior, characterized by a spectral 
index of approximately − 1.6. However, when continuity 
constraints are added, the power spectra of both the X- and 
Y-pole coordinates gradually steepen at the highest frequen-
cies, nearing the Nyquist limit of 0.25 cycles/h. As analysis 
of International GNSS Service (IGS) PM daily estimates 
by Ray (2008) indicated, the continuity constraint may be 
characterized as a peculiar phase filter that allows Nyquist-
frequency signals with cosine phase aligned to the boundary 
to pass through but attenuates the same frequency signal 

(5)
Diff =

[
offset

2
−

(
0.5 ∗ T ∗ rate

2

)]
−

[
offset

1
+

(
0.5 ∗ T ∗ rate

1

)]

Fig. 4   Difference of power 
spectrum of the estimated 
X-pole coordinate series derived 
from the linear and constant 
solutions with different estima-
tion intervals (Period < 2 days). 
Positive values indicate that the 
amplitude is larger using the 
linear method than the constant 
method. The periods repre-
sented by the gray dashed lines 
are marked. Please note differ-
ent scales for the y-axis

Table 3   Statistics of the estimated PM series for different estimation 
interval solutions, i.e., estimated corrections with respect to the a pri-
ori model

Interval X (μas) Y (μas)

Mean RMS Mean RMS

2-h 2.5 60.9 4.2 60.1
1-h 2.5 63.7 4.2 63.0
30-min 2.5 65.3 4.2 64.6
15-min 2.5 66.6 4.2 65.8
5-min 2.5 68.2 4.2 67.3
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exactly when the phase is shifted by 90 degrees. As a result, 
it significantly modifies and smooths the high-frequency 
content of the signal, with the greatest effect, particularly at 
the Nyquist frequency. Compared to the independent linear 
parameterization, the application of continuity constraints 
reduces the power at the Nyquist frequency by an order 
of magnitude. As shown in Fig. 6, the smoothing and sig-
nal distortion effects range from 4 h to approximately 8 h. 
Therefore, although the continuity constraints can improve 
the stability of the sub-daily PM estimates, it is advisable 
to use the independent linear parameterization due to the 
potential undesirable side effects it may introduce.

Tidal and non‑tidal signals in PM variations

Ideally, the sub-daily PM estimates should resemble white 
noise if all excitations have been accurately incorporated in 
the a priori model. However, limitations in the background 
model, satellite and earth revolution aliasing, and process-
ing deficiencies may introduce spurious signals, affecting 
the estimates. Hence, it is important to distinguish between 
strategy artifacts and real geophysical signals. In this sub-
section, we will try to interpret the residual signals in our 
PM estimates and discuss the effect of different estimation 

intervals on these signals. Figures 7 and 8 illustrate the spec-
tra of the estimated PM series derived from different interval 
solutions, which are conventionally decomposed into pro-
grade and retrograde directions separately. The noise floor is 
evaluated using the RMS of the amplitudes in the frequency 
domain. The noise levels in both the prograde and retrograde 
directions are consistently low, less than 1 μas. However, 
multiple signal lines are clearly observed, exceeding the 
noise level in both spectra. Two distinct group signals can 
be identified: (1) the signals at the diurnal and semidiurnal 
bands, which are in proximity to the theoretical periods of 
the main ocean tides, marked by cyan lines. (2) the signals 
resulting from resonance between the earth's rotation period 
and the satellite revolution period, denoted by magenta lines. 
These resonance periods can be described as (Zajdel et al. 
2021):

where fs and fe are the frequencies of the revolution period 
of the GPS satellite and of the diurnal rotation of the Earth, 
respectively; n , m are small integer numbers.

The first group of signals observed in our analysis may 
reflect the limitations of the background model for the ocean 
tide effects on sub-daily PM variations. The residual signals 

(6)P
0
=

1

n∗fs+m∗fe
n,m = {… − 2,−1, 0, 1, 2,…}

Fig. 5   Estimated sub-daily 
PM discontinuities at estima-
tion boundaries based on a 2-h 
estimation interval. The labels 
"With" and "Without" denote 
the solutions obtained with and 
without continuity constraints, 
respectively

Fig. 6   Power spectrum of the 
estimated sub-daily PM series 
(Period < 2 days). A black 
power-law line with a spectral 
index of -1.6 is plotted on each 
plot. The periods represented 
by the gray dashed lines are 
marked. The labels "With" and 
"Without" denote the solutions 
obtained with and without con-
tinuity constraints, respectively
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in the prograde spectra are more prominent in the diurnal 
band than the semidiurnal band. The largest discrepancies 
occur in the K1 tide, where the amplitude is close to 20 
μas. The retrograde PM spectra show signals with periods 
ranging from 20 to 28-h that approach zero, resulting from 
the zero constraints on blocking retrograde diurnal motion 
(Thaller et al. 2007). The residual signals in the semidiur-
nal band for the retrograde spectrum are below 5 μas. To 
perform a more extensive tidal analysis, we estimated the 
coefficients of the sine and cosine terms of diurnal and semi-
diurnal variations in a constrained least-squares adjustment 
according to Desai and Sibois (2016). We use the estimated 
pole coordinates as observations and weight them by the for-
mal errors. According to the Rayleigh’s criteria for the sepa-
ration of two spectral lines, we successfully distinguished a 
total of 38 tidal terms from a span of 3 years data (Zajdel 
et al. 2021). These terms comprised 25 diurnal and 13 semi-
diurnal components. To accurately estimate the coefficients 
of the major tides, we impose constraints on the coefficient 
ratio between the major and their sideband tides (e.g., K1, 
K1’ and K1’’, Gipson 1996). Subsequently, we calculated 
the amplitudes of the estimated PM series in each of the 
prograde and retrograde directions. Figure 9 illustrates the 
amplitudes of the estimated PM series from different interval 
solutions for the 9 most dominant ocean tides, labeled as 

N2, M2, S2, K2, Q1, O1, P1, S1 and K1. A clear trend that can 
be observed in Fig. 9 is that the residual ocean tidal signal 
gets larger as the estimated interval becomes shorter. How-
ever, the difference in the amplitudes of the main ocean tides 
from different interval solutions is within 0.5 μas. Thus, it 
can be concluded that a reasonable variation in the length 
of the estimation interval has a negligible influence on the 
recovery of the variations in PM driven by the ocean tides. 
To determine the accuracy and precision attainable at 5-min 
temporal resolution, the amplitudes and percentages of the 
remaining tidal signals relative to the size of the Desai-
Sibois model from the 5-min estimation interval solution are 
shown in Table 4. The residual signal amplitudes, in general, 
are relatively small, typically below 5 μas for most of the 
dominant tides. In addition, the percentages of the remaining 
tidal signals relative to the size of the Desai-Sibois model 
are less than 15% except for the S1 term. However, there are 
larger residual signals clearly visible for S1 and K1 terms, 
with amplitude of 13.1 and 18.0 μas, respectively. For the S1 
tidal term, most of the network parameters, such as station 
coordinates and orbit parameters, are estimated with a 24-h 
or integer multiples of the 24-h interval, which coincides 
with the period of S1 tide. Consequently, the discontinuity 
of these estimate parameters in our solutions will contribute 
to the signal within a period of 24 h. The S1 term is not one 

Fig. 7   Amplitude spectra of the 
estimated PM series, prograde 
parts for different estimation 
interval solutions
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Fig. 8   Amplitude spectra of the 
estimated PM series, retrograde 
parts for different estimation 
interval solutions

Fig. 9   Comparison of the 
amplitudes for 9 main ocean 
tides between different interval 
solutions for prograde and retro-
grade directions
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of the main tidal terms and has an amplitude of only 1.3 
μas in the Desai-Sibois model. Thus, the remaining percent-
age of the S1 tide is up to 1004.5% in Table 4. As for the 
K1 tidal term, it is worth noting that the repeat period of 
the GPS constellation, which lasts approximately 23 h and 
56 min, coincides with the period of K1 tide. As a result, 
the resonance signal is expected to alias into the sub-daily 
PM estimated specifically for the K1 tide. Furthermore, the 
residual signals exhibit prograde diurnal amplitudes of 18.0, 
2.5, 4.2 and 2.7 μas for K1, P1, O1 and Q1, respectively. The 
semidiurnal amplitudes in the prograde and retrograde com-
ponents are as follows: 1.0 and 3.8 μas for K2, 3.1 and 4.9 
μas for S2, 2.4 and 4.7 μas for M2, and 0.8 and 2.1 μas for N2, 
respectively. Notably, the amplitudes of the residual signals 
listed in Table 4 are comparable to the results reported by 
Sibois (2019). 

The second group is caused by the resonance between 
the earth rotation period and the satellites resolution period, 
which is not a true geophysical signal. As shown in Figs. 7 
and 8, the magenta lines match well for most of these spuri-
ous signals. The amplitude of the most pronounced resonant 
signal in the prograde spectra, at a period of 4.8-h, is 9.4, 
13.7, 13.9, 14.0 and 14.0 μas for 2, 1-h, 30, 15 and 5-min 
solutions, respectively. In the retrograde spectra, a clear sig-
nal is observed at 8 h, with amplitudes of 6.4, 6.8, 6.9, 7.0 
and 7.0 μas for the corresponding interval solutions. There-
fore, we can infer that as the estimation interval becomes 
shorter, the resonance signals become more pronounced. In 
fact, sub-daily variations at 6, 8, 12, 24 h are also partly 
attributed to atmospheric tides and non-tidal atmosphere, 
dynamic ocean, and continental hydrosphere angular 
momenta (de Viron et al. 2005). However, accurately dis-
tinguishing and measuring the individual contributions of 
these factors remains a challenge, as we can only observe 

the combined effects. Additionally, signals are visible at the 
periods of 23.46, 23.73 and 24.26 h, none of which belong 
to any group mentioned above. There is even a peak of 
about 10 μas at the period of 23.73-h. These signals may be 
derived from some deficiencies in our processing approach. 
To investigate the residual signals within the periods of 4-h, 
the prograde and retrograde spectra for periods less than 
4 h are plotted in Fig. 10. It is observed that the amplitudes 
of many visible signals exceed 1 μas, with a maximum of 
3 μas. At first sight, all visible signals can be attributed to 
resonance signals. However, it is crucial to acknowledge that 
the periods of actual geophysical signals may also align with 
resonance periods. Therefore, additional theoretical support 
is necessary to substantiate our results.

Conclusion

The GNSS technique can be used for the recovery of the 
pole coordinates with a sub-daily resolution. We investigate 
the impact of different estimation intervals on GPS-based 
sub-daily PM estimation. Initially, a significance test is 
performed on the sub-daily pole coordinate rates, revealing 
that the rate parameters are almost negligible for estima-
tion intervals that do not exceed 30 min. Consequently, PM 
should be parameterized as piecewise constant for intervals 
no more than 30 min and as piecewise linear for longer 
intervals. It is worth noting that the rate parameters have a 
minimal effect on the associated PM offset estimates. The 
RMS of the estimated PM series increases as the estimation 
intervals become shorter.

Moreover, the continuity constraints can enhance the PM 
rate parameter estimation accuracy by approximately 20%. 
However, the continuity constraints act as a peculiar phase 
filter. It passes signals at Nyquist frequency with the cosine 

Table 4   Amplitudes of remaining tidal signals from 5-min estimation 
interval solution when the Desai-Sibois model is applied and the per-
centages of remaining tidal signals relative to the size of the Desai-
Sibois model

The retrograde diurnal signals are not estimated. Units are μas

Tide Prograde Retrograde

Amplitude Percentage (%) Amplitude Percentage (%)

Q1 2.7 9.1
O1 4.2 2.9
P1 2.5 4.8
S1 13.1 1004.5
K1 18.0 10.6
N2 0.8 5.1 2.1 5.0
M2 2.4 3.1 4.7 1.8
S2 3.1 12.6 4.9 3.8
K2 1.0 14.5 3.8 10.3

Fig. 10   Amplitude spectra of the estimated PM series derived from 
5-min estimation interval solution, prograde and retrograde parts for 
periods < 4 h
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phase aligned to the boundary while attenuating the same 
frequency signal exactly when the phase is shifted by 90 
degrees. As a result, the continuity constraints significantly 
modify and smooth the high-frequency content of the sig-
nal, with the greatest effect, particularly at the Nyquist fre-
quency. Therefore, although the continuity constraints can 
improve the stability of the sub-daily PM estimates, it is 
advisable to use the independent linear parameterization due 
to the potential undesirable side effects it may introduce.

Furthermore, two groups of signals can be identified in 
the estimated PM series. The first group is the signals at the 
diurnal and semidiurnal bands, which are proximate to the 
theoretical periods of main ocean tides. The second group 
results from resonance between the earth's rotation and satel-
lite revolution periods. We found no significant difference 
in the residual signals at the diurnal and semidiurnal bands 
close to the ocean tidal constituents between different inter-
val solutions. We estimated coefficients for all 38 tidal terms 
using the 5-min estimated PM series. The residual signal 
amplitudes generally are below 5 μas for most the dominant 
tides. The largest residual signals were observed for S1 and 
K1 terms, with amplitudes of 13.1 and 18.0 μas, respectively. 
In addition, the resonance signals become more pronounced 
as the estimation interval becomes shorter, particularly at 
4.8 and 8-h periods in the prograde and retrograde spectra, 
respectively. Although the resonance signals can explain 
most of the residual signals, accurately separating the true 
variation at 6, 8, 12, and 24-h caused by atmospheric tides 
and dynamic ocean remains challenging. Finally, we also 
discuss the residual signals within the period of 4-h. How-
ever, as the periods of actual geophysical signals may align 
with resonance periods, we need more theoretical support to 
substantiate our results. On the other hand, the impact of the 
spurious signals in the frequency domain shows a notable 
decrease in the combined multi-GNSS solution (Zajdel et al. 
2021). However, the contribution of the BeiDou constel-
lation was not mentioned. The observation period of most 
BeiDou satellites is close to 3 years. Adding BeiDou obser-
vations to the sub-daily PM estimation may decorrelate and 
attenuate some of the spurious signals, which needs further 
investigation.
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