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3.6.3 Jet Propulsion Laboratory (JPL)

The Jet Propulsion Laboratory is developing an approach to de-
termining ITRF-like terrestrial reference frames based upon the 
use of a Kalman filter/smoother (Wu et al., 2015). Kalman filters 
are commonly used for estimating the parameters of some system 
when a stochastic model of the system is available and when the 
data contain noise. For the purpose of determining a terrestrial 
reference frame, the system consists of the positions and velocities 
of geodetic observing stations and associated EOPs along with 
their full covariance matrices. The data consist of time series of ob-
served VLBI, SLR, GNSS, and DORIS station positions and EOPs 
along with the data measurement covariance matrices. In addition, 
measurements from ground surveys of the positions of reference 
marks of co-located stations are used to tie the technique-specific 
station networks to each other. The Kalman filter and smoother for 
reference frame determination software (KALREF) being develo-
ped at JPL combines these measurements to determine ITRF-like 
reference frames subject to constraints imposed on the allowed 
evolution of the station positions. KALREF includes options for 
constraining the stations to move linearly or to move linearly and 
seasonally. Through the use of stochastic models for the process 
noise, the station positions can be constrained to exactly follow 
this linear or linear and seasonal motion (by setting the process 
noise to zero), to exactly recover the observed station positions (by 
setting the process noise to a large value), or to follow a smoothed 
path (by setting the process noise to some intermediate value). 
The sequential estimation approach to determining terrestrial re-
ference frames that is being developed at JPL has been used to 
determine JTRF2014, JPL’s realization of a terrestrial reference 
frame using the ITRF2014 input data sets.

Table 1 lists the input data sets that were used to determine 
JTRF2014. These are the data sets that the IAG Services sub-
mitted to the IERS for the determination of ITRF2014. Before 
using these data sets to determine JTRF2014 they were edited 
and pre-processed. Because KALREF uses a fixed time step of 
one week, the daily GNSS station position (but not the EOP) data 
were averaged to 1-week intervals, as were the session-wise VLBI 
data. Stations with observing histories less than 2.5 years were 
removed, as were regional VLBI sessions. And only those GNSS 
stations that were included in ITRF2008 were used, augmented 
by additional IGS stations that were not included in ITRF2008, 
usually because they started observing after 2008. After this data 
selection process, data from 671 GNSS, 71 SLR, 159 DORIS, and 
71 VLBI stations remained. 

Introduction

Data Sets
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Outliers were removed after first individually stacking each 
technique’s data by applying intrinsic constraints. After stacking, 
any observation having an absolute residual greater than 10 cm 
or a normalized residual greater than 7 sigma (5 sigma for GNSS) 
was removed. Because the stated formal uncertainties of the 
observations are generally overly optimistic, the measurement 
error covariance matrices were scaled by a factor of (3.07)2 for 
the GNSS data, (2.98)2 for the VLBI data, (2.61)2 for the SLR data, 
and (1.36)2 for the DORIS data. These variance factors were ite-
ratively determined from the a posteriori variance factors obtained 
from individual stacks of each technique’s data and preliminary 
reference frame solutions. 

For the EOPs, daily observations of the x- and y-components 
of polar motion from all four space-geodetic measurement tech-
niques were used, as were daily observations of the polar motion 
rates from GNSS, and session-wise observations of UT1 and LOD 
from VLBI. No editing was done to the EOP data, and the scale 
factors that were applied to the measurement error covariance 
matrices of the EOPs were derived from the scale factors that 
were applied to that technique’s station position measurement 
error covariance matrices.

Both site ties and polar motion data were used to tie the individual 
technique’s station networks together. All of the site ties available 
for ITRF2008 were used along with the new ties that became 
available for ITRF2014. The site ties were applied once, at the 
epoch of the measurement. And the full vector measurement error 
covariance matrices were used after rescaling them to make the 
normalized residuals at the co-located sites be less than 4 sigma.

An indication that the station position, EOP, and site tie measu-
rement error covariance matrices have been properly scaled can 
be obtained by computing the reduced chi-squared of the post-fit 
residual. If the reduced chi-squared value is close to unity, then 
the scaled uncertainties are consistent with the post-fit residuals. 
For JTRF2014, the reduced chi-squared values of the station po-
sitions, EOPs, and site ties are 0.93, 1.02, and 1.02, respectively, 

Table 1: Data Sets Submitted by the IAG Services for ITRF2014 and Used for JTRF2014

*The SLR data is given at fortnightly intervals before 1993, at weekly intervals thereafter.
SG: space-geodetic data type; P: GNSS; R; VLBI; L: SLR; D: DORIS; TC: technique center; TR: temporal 
resolution
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indicating that their measurement error covariance matrices have 
been reasonably adjusted. The total reduced chi-squared value 
of all the measurements used to determine JTRF2104 was 1.07.

After editing and pre-processing, the data sets listed in Table 1 
were combined with a Kalman filter to determine JTRF2014. The 
model for the station position process noise in the Kalman filter 
included both a deterministic and a stochastic part. The determi-
nistic part consisted of a linear trend and annual and semiannual 
periodic terms. The linear trend is meant to account for station 
motion caused by, for example, plate tectonics, glacial isostatic 
adjustment, etc. The periodic terms are meant to capture the major 
component of the station motion caused by surface loading. The 
stochastic part of the process noise model is meant to capture 
the non-seasonal signals in the station motion caused by surface 
loading. For that, we used the atmospheric, non-tidal oceanic, 
and hydrologic loading models available from the IERS Global 
Geophysical Fluids Center. A best fitting model for a linear trend 
and annual and semiannual periodic terms was first fit to and 
removed from the sum of the weekly averaged loading models. 
Since KALREF assimilates the first difference of the station posi-
tion data, not the station positions themselves, first differences of 
the residual loading displacements at each station were formed 
and the variance of the first-differenced residual computed. These 
station-dependent variances then formed the stochastic compo-
nent of the process noise that was used in the Kalman filter. The 
median variance of the first-differenced residual displacement 
caused by the sum of atmospheric, non-tidal oceanic, and hydro-
logic loading was about (0.9 mm)2 in the north, about (0.7 mm)2 
in the east, and about (1.7 mm)2 in the vertical. 

These values for the variance of the station-dependent process 
noise were the nominal values used when filtering the station po-
sition data between discontinuities. At a discontinuity in the station 
position the variance was set to a large value, (5 m)2, in order to 
allow the Kalman state to follow the jump in station position. After 
the discontinuity in the station’s position it was reset to its nominal 
value. Discontinuities in station position can be caused by geophy-
sical events such as earthquakes or by man-made events such 
as equipment changes. Discontinuities in the station position time 
series were empirically determined using tools available in GIPSY. 

For the EOPs, the process noise models consisted of random 
walks driven by white noise. The variances of the white noise 
were set to large values in order to accommodate the day-to-day 
fluctuations in the EOP values.

Following usual practice, the origin of JTRF2014 was determi-
ned solely from SLR data and the orientation was constrained by 
applying a no-net-rotation condition to ITRF2008. The scale was 

Solution Strategy
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determined from a weighted average of SLR and VLBI data with 
the weights derived from the weights applied to the SLR and VLBI 
station position data. 

Finally, since stations located near each other can be expected 
to exhibit the same motion, stations of different techniques that are 
co-located at the same site were constrained to move together. 

The resulting reference frame, JTRF2014, consists of a set of time 
series of the positions, but not velocities, of 972 stations spanning 
November 28, 1979 to February 11, 2015 at weekly intervals along 
with daily EOPs. As an example of one of the station position time 
series included in JTRF2014, Figure 1 shows the result for the 
VLBI station at Tsukuba, Japan. The black dots are the observed 
positions of the station, the red line is the Kalman-estimated po-
sition of the station from JTRF2014, and the vertical green lines 
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Fig. 1: Observed (black dots) and Kalman-smoothed, interpolated, and extrapolated (red line) position of 
the VLBI station at Tsukuba, Japan. The vertical green lines indicate the epochs of discontinuities in the 
observed position of the station. The east, north, and height (or up) component of the station’s position 
are shown in the top, middle, and bottom panels, respectively.

JTRF2014
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indicate the epochs of the discontinuities in the observed station 
positions at which the process noise was reset. The coseismic 
displacement of this station caused by the Tohoku, Japan earth-
quake of March 11, 2011 is readily apparent, especially in the east 
(top panel) and up (bottom panel) components. By resetting the 
process noise to a large value at the epoch of the earthquake, 
the Kalman-estimated position of the station is able to follow the 
station’s coseismic displacement (red line). Between discontinui-
ties, the nominal value of the process noise at this station causes 
the Kalman-estimated position to be a smoothed version of the 
observed position. The deterministic model of the process noise is 
used to both interpolate across gaps in the observations (such as 
the gap near 2014) and to extrapolate the position of the station to 
epochs before the station started observing (such as before 1994) 
or after the station stopped observing (not shown). Since the VLBI 
station at Tsukuba is co-located with a GNSS station that started 
observing before it, and because of the co-motion constraint ap-
plied to co-located stations, the Kalman-estimated position of the 
GNSS station is transferred to the VLBI station at those epochs 
when the VLBI station was not observing but the GNSS station 
was. This is most evidently seen in the up component (bottom 
panel) during 1995 to 1998.

Table 2 compares JTRF2014 to ITRF2014 (Altamimi et al., 
2016). The entries in Table 2 are the coefficients of a linear fit to 
a time series of weekly Helmert transformation parameters that 
map ITRF2014 to JTRF2014. The ITRF2014 station positions were 
evaluated at the weekly epoch of the JTRF2014 station positions 
using the linear velocities reported with ITRF2014. No stations af-
fected by earthquakes were included when computing the Helmert 
transformation parameters using the projected ITRF2014 station 
positions. The uncertainties given in parentheses in Table 2 are 
the 1-sigma formal errors of the linear fit to the weekly Helmert 
transformation parameters and are hence overly optimistic. The 
translation (T) and rotation (R) parameters are all less than 0.8 mm 
except for Tz. Plots of the weekly Tz Helmert transformation para-
meter (not shown) indicate greater variability during 1984–1990 
which is adversely affecting the linear fit. The scale (D) parameter 
is also larger, but this is to be expected because the JTRF2014 
scale comes from a weighted average of the VLBI and SLR data, 

Table 2: Helmert transformation parameters mapping ITRF2014 to JTRF2014

Units are mm for the offset (O) and mm/yr for the trend (T). The reference epoch for the trend is January 1, 
2005. The values in parentheses are the 1-sigma formal errors.
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