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Abstract. Earth Orientation Parameters (EOPs) are quantitative parameters that
reflect the Earth spatial motion and its rates along the rotation axes. Precession
and nutation parameters can be precisely described by the theoretical model,
while the complex variation of the pole motion and LOD (length of day) is
difficult to be modelled and hard to be predicted with high precision. With the
development of Global Navigation Satellite System (GNSS), the spatial and
temporal resolution of EOP products have been greatly improved. In GNSS data
analysis, a-priori EOPs are normally used as the prediction from the IERS, and
the constraint applied on a-priori EOP parameters has much impact on the
estimates of GNSS solutions. This paper studies this impacts and develops an a-
priori EOP constraint model. GPS data of 142 evenly distributed IGS stations
from the beginning of 2010 to the end of 2015 are used for data analysis. Firstly,
the precision of the pole motion, LOD and station coordinates under two mostly-
used constraint conditions are compared and analyzed, which proves the impact
of a-priori EOP constraint on GNSS solutions. Secondly, an a-priori EOP
constraint model (pole motion composed of four periodical terms, while LOD
composed of two periodical terms) is then developed, where the periodical terms
are determined using the Least Square Spectrum Analysis (LSSA) approach.
Lastly, the new model is used as the constraint conditions in GNSS solutions.
Compared with above two mostly-used constraints, the pole motion and LOD
parameters under the new constraint model is closer to the IGS products with
largest improvement of 75%, which demonstrates that the new EOP a-prior
constraint model can effectively improves the precision of GNSS parameters.

Keywords: EOPs - TRF - Pole motion - LOD - LSSA - EOP a-prior constraint
model

1 Introduction

Earth rotation parameters are quantitative parameters that reflect the motion of the
Earth’s Rotation axis in the Earth’s body and the variation of Earth’s rotation rate,
together with precession and nutation constitute Earth Orientation Parameters (EOPs)
that describe the long-term variation of Earth’s rotation [1, 2]. The International Earth
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Rotation Service (IERS) regularly publish EOPs, including EOP products such as
Bulletin A, Bulletin B/C04 and long-term CO1, determined by several space geodetic
techniques [3, 4]. Compared with EOPs provided by VLBI (Very Long Baseline
Interferometry), SLR (Satellite Laser Ranging) and DORIS (Doppler Orbitography and
Radio positioning Integrated by Satellite), those provided by the GNSS technology
have higher spatial and temporal resolutions.

Accuracy of the EOPs is of great importance in scientific research and practical
application. In deep space exploration and satellite precise orbit determination, high-
precision EOPs are the prerequisites for the conversion of celestial coordinate system
and earth coordinate system [5]. However, EOPs provided by IERS has a latency of
several weeks, so that practical applications such as satellite orbit determination and
GNSS data processing can only use its prediction as a-priori inputs.

In GNSS data processing, a-priori EOPs from the IERS are taken as inputs, and
constrained to get the final results. Therefore, the precision of the prior values affect the
precision of terrestrial reference frame including the EOPs. In this paper, we use the
GNSS data processing software GAMIT/GLOBK, jointly developed by Massachusetts
Institute of Technology (MIT) and Scripps Institution of Oceanography (SIO) [6-8], to
analyze the effects of a-priori EOP constraints on the precision of GNSS solutions such
as station coordinates, pole motions and length of day. The a-priori EOP constraint
model is developed to improve the parameter estimation accuracy.

2 GNSS Based EOP Solution

The GAMIT/GLOBK GNSS software package is based on the Kalman filter algorithm.
The function model of carrier phase observations is [9-11]:

L= M(l, XSP7XT7XN7Xerp7Xatm) +é& (l)

Where, M represents the function model of observations and the parameters to be
estimated; ¢ is one certain epoch; Xsp is the orbit elements and perturbation parameters
at the initial epoch; X7 is the coordinate of the stations; Xy is the phase ambiguity; X,,,
is the earth rotation parameters, including the pole motion parameters Xp, Yp and Dg;
Xum 18 atmospheric delay; ¢ is the observation noise [12, 13].

The linearization of formula (1) is as follows:

oM oM oM oM
—dXr+ —dXn + o—dXepp + s—dXam +¢  (2)

oM
L=Co+ —dXsp+ Xy X X
erp atm

0Xsp 0Xr

In formula (2), Cy is initial value, and partial derivatives of the earth rotation

oM _ oM Op R, _ (r=Ri) OR;
parameters is X 0p ORi DKoy — . Oery®
station position in 1nertial coordinate system; p is distance between satellite and station;
IR, OR; OR;
oy Xp> Yp

pole motion.

r and R; are respectively satellite and

including and dR’ . Xpand Yp are respectively the x and y component of
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Components of the station coordinates in X and y direction of the pole motion are as
follows:

OR; oW z
— L PNS——Ry(t) =P 0 3
X NS e () = PNS 0 3)
OR; oW P
oy~ T gy () = PN o (4)

In Egs. (3) and (4), P and N are precession and nutation matrices; S is the earth
rotation matrix; W is the polar motion matrix; Ry = (x,y,z) is the station position
vector in the earth fixed coordinate system.

The first-order variation rate for UT1-TAL i.e. LOD, is expressed as Dg, and

IR _ OR; 90 (5)
ODg 90, ODg
-y —Ypz
R YT
% = PNa%S WT = PNSW | x— Xpz (6)
8 8 pr + XPy
20, ouUT1
a—DR_Zn(H—k) Dn =2n(14k)(r — 1) ™)
MST(UT
0, = GAST = 2n[G (IS +(]<I)JU;)")1+ } + Agcosd (3)

Where 0, = GAST is Greenwich apparent sidereal time; GMST is Greenwich mean
sidereal time; A is the nutation in longitude; ¢ is obliquity. The station coordinates
and satellite orbit are obtained from IGS [14, 15].

3 EOP Precision Under Different Constraints

GPS data of 142 evenly distributed IGS stations were used, and the distribution is
shown in Fig. 1. Station coordinates and EOPs are estimated using observations of six
years from January 3, 2010 to December 20, 2015 (GPS week is 1565 to 1876). The
seismic information used in data processing is consistent with ITRF2014, the antenna
and receiver information are consistent with the stations log file, and the prior coor-
dinate values are given by ITRF2014. In practical applications, the final solution of the
IERS EOPs has a long latency period, and the rapid product published by IERS is used
as the a-priori value.
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Fig. 1. Distribution of selected stations
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Based on the above data, the TRFs are constructed under two different constraints
of coordinates and pole motion as well as LOD. The two selected constraints are of
great difference to reveal evident difference of coordinates and EOPs under different
constraints and are shown in Table 1. For the sake of ensuring the consistency of the
comparison results, the IG2 (IGS second reprocessing campaign) SINEX product was
used when before GPS week 1831, while the IGS SINEX product was used when after
GPS week 1831 as the reference for comparison. Analysis results of the paper are

referred as SHA.

Table 1. Two different constraints

Constraint Coordinate Pole motion Pole motion rate LOD ms
N, E, U m (Px, Py) mas (Pxr, Pyr) mas/yr
Constraint 1 111 55 11 1
Constraint 2 .01 .01 .01 11 1.1 .1
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Fig. 2. Statistics of station coordinates accuracy, x axis represents the station index (left:
constraint 1, right: constraint 2)
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Under constraints 1 and 2, the mean, standard deviation and root mean square of
coordinate differences between IGS and SHA for each station are shown in Fig. 2.
Results show that under constraint 1, the error in X and Y component is about 5 mm,
and the error in Z component is about 10-12 mm. Under constraint 2, the error of most
stations in three components is within 2—5 mm. The mean value of both constraints is
greater than zero, which is caused by the difference of station distribution and network
shape for IGS and SHA solution. In general, the precision of station coordinates is
higher under constraint 2, which reflects the rationality of station coordinates constraint.

Time series of pole motion difference and LOD difference between IGS and SHA
under constraints 1 and 2 are respectively shown in Figs. 3 and 4, and corresponding
statistics are shown in Table 2. Results show that, compared with constraint 1, the
amplitude of harmonics and system bias of pole motion in the Y direction under
constraint 2 are significantly reduced, and also for the amplitude of periodic term and
slope of LOD difference.

All above show that the results under constraint 2 are closer to IGS products. The
residual linear and nonlinear signals in Fig. 4 reveal the defects of the empirical
constraints. Therefore, how to obtain relatively reasonable constraints is critical in the
establishment of the TRF.
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Fig. 3. Differences of pole motion and LOD Parameters under constraint 1
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Fig. 4. Differences of pole motion and LOD Parameters under constraint 2
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Table 2. Error statistics of pole motion and LOD parameters

PM-x

(mas) | PM-y (mas) | LOD

(us)

RMS

STD |RMS |STD |RMS

STD

Constraint 1
Constraint 2

0.051
0.035

0.043
0.030

0.035]0.032
0.035/0.029

493
17.2

214
9.9

4 The A-Priori EOP Constraint Model
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As shown in Fig. 5, time series of the difference between the rapid EOP published by
IERS and IGS EOP is obtained taking IGS EOP products as the reference. There are
significant periodic characteristics in the pole motion differences, and the least square
spectrum analysis (LSSA) is used to obtain the spectrum diagram, as shown in Fig. 6.
In Fig. 6, the pole motion difference in the X direction and Y direction respectively
contains two harmonics with almost the same amplitude. Fitting residuals after
removing these two harmonics are shown in Fig. 7. And fitting residuals of LOD after
removing the two harmonics with the largest two amplitude are shown in Fig. 8, in
which the standard deviation of the LOD fitting residuals is 0.064 ms.
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Fig. 5. Time series of the difference between IERS EOP rapid products and IGS EOP products
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Fig. 6. Spectrums of the difference between IERS EOP rapid products and IGS EOP products
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Fig. 8. Time series of LOD fitting residuals Fig. 9. Spectrums of pole motion parameters

fitting residuals

However, the residuals in Fig. 7 still contains small harmonics. And the LSSA of
the residuals in Fig. 7 is further performed, and the spectrum is shown in Fig. 9. Two
harmonics with largest amplitude in Fig. 9 and two largest harmonics in Fig. 6 are
selected to fit the time series of the differences between EOP products in Fig. 5. The
fitting results and the residuals are shown in Figs. 10 and 11, respectively. Compared
with Fig. 7, the periodic characteristic in the fitting residuals has disappeared, and the
standard deviations of the fitting residuals are 0.288 mas and 0.199 mas, respectively
for each components of pole motion.
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Fig. 10. Fitting results of the difference between IERS EOP rapid products and IGS EOP
products
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Fig. 11. Time series of pole motion parameters fitting residuals

With the harmonics obtained above and the standard deviation of the fitting
residuals, the pole motion a-priori constraint model can be defined as:

2
oy = ‘Zj_l A;cos (Tn +Pi> + o, (10)

Where A; is the amplitude, T; is the period in days, P; is the phase in radian, and o, is
the standard deviation of the fitting residuals. For the four harmonics of the polar
motion in X and Y directions, the periods, amplitudes, phases and also the standard
deviations of the fitting residual are shown in Table 3. The phases in Table 3 are based
on modified Julian day.
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Table 3. The periods, amplitudes, phases and fitting residual standard deviations of the pole
motion

PM-x PM-y

Period Amplitude Phase Period Amplitude Phase

(day) (mas) (rad) (day) (mas) (rad)
Period 1 355.1 0.8885 —3.0520 |354.8 0.7884 —2.3519
Period 2 456.5 0.4362 1.3713 | 461.9 0.4360 —0.5907
Period 3 315.2 0.1513 -1.7556 |317.9 0.1147 2.9877
Period 4 466.4 0.1938 22057 |484.1 0.1833 0.1287
Fitting 0.288 mas 0.199 mas
residual

The a-priori constraint model of LOD is defined as:

2 2n
o= ‘ZilA,»cos<?i —|—P,->‘ + o, (11)

Meanings of parameters in Eq. (11) are consistent with those in Eq. (10). The
periods, amplitudes, phases and standard deviations of fitting residuals for two har-
monics of LOD are shown in Table 4.

Table 4. The periods, amplitudes, phases and fitting residual standard deviations of the LOD

LOD

Period (day) | Amplitude (mas) | Phase (rad)
Period 1 13.7 0.0501 —1.1694
Period 2 27.5 0.0226 —2.2127
Fitting residual | 0.064 ms
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Fig. 12. Differences of pole motion and LOD Parameters under EOP a-priori constraint model
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According to the analysis in Sect. 3, when the coordinate constraint is 1 cm, the
coordinate accuracy is relatively high, and 1 cm coordinate constraint is used in this
section. For the earth rotation parameters, above defined EOP a-priori constraint model
is used to establish the global earth reference frame. The differences between the earth
rotation parameter SHA and IGS products are shown in Fig. 12. In Fig. 12, the stan-
dard deviations of the pole motion in X and Y directions and also the LOD are
0.029 mas, 0.028 mas and 9.9 ps, and the root mean square error are 0.034 mas,
0.035 mas and 12.4 ps, respectively. Compared with constraint 2, the dispersion of the
pole motion estimation has been decreased, the periodic characteristics of LOD is
suppressed significantly, and the trend has also disappeared. Compared with constraint
1 and 2, the improvement percentage expressed by standard deviation and root mean
square error of the pole motion and LOD parameters can be found in Table 5. Based on
the above analysis, it can be concluded that estimation of the pole motion and LOD
parameters under EOP a-priori constraint model are more consistent with the EOP
products of IGS, which can greatly improve the parameter accuracy of GNSS daily
solution.

Table 5. Percentage increase in pole motion and LOD parameters relative to constraint 1 and
constraint 2

PM-x |PM-y | LOD

RMS | Constraint 1 {34.1% | 0 74.85%
Constraint 2| 5.6% |0 27.9%
STD | Constraint 1 |34.3% | 13.5% | 53.74

Constraint 2| 59% [2.4% |0

5 Conclusions

The EOPs are important parameters of TRF. In this paper, GAMIT/GLOBK is used to
establish the TRF using GPS observations, and the EOP a-prior constraint model is
presented to obtain relatively reasonable constraints. The application results of this
model confirmed the availability of the EOP a-prior constraint model. The conclusions
are as follows:

(1) When different constraints are applied on the station coordinates and the EOPs,
estimation precision of TRF parameters are greatly different;

(2) Inappropriate constraint model would generate alias signals in the TRF parameter
estimation;

(3) The EOP a-priori constraint model based on the LSSA method is more applicable;

(4) pole motion and LOD parameters under the new constraint model is more con-
sistent with the IGS EOP products with largest improvement of 75%.
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