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Abstract

We investigate the impact of the reduction of non-tidal loading (NTL) in the computation of secular terrestrial reference
frames (TRFs) from Very Long Baseline Interferometry (VLBI) observations. There are no conventional models for NTL in
the geodetic community yet, but the Global Geophysical Fluid Center prepared a set of corresponding site displacements for
the 2020 realizations of the International Terrestrial Reference System. We make use of these data, which comprise the total
NTL consisting of non-tidal atmospheric, oceanic, and hydrological loading. The displacement series contain linear trends
(i.e., offsets plus drifts), and since these affect the estimated linear station positions and the realized geodetic datum in a secular
TRF, we remove the trends before reducing the NTL in our computations. The displacements are applied at two different
levels of the parameter estimation process: the observation and the normal equation level. This way, we can analyze whether
the latter offers a suitable approximation if the original observations have not been reduced by NTL. We find that the TRF
statistics are hardly affected by the NTL. The largest impact is given for the secular motion of antennas with short observation
time spans. The application level is basically irrelevant for the linear antenna positions, but it leads to differences in the rates of
the jointly estimated Earth orientation parameters (EOPs). Secular TRF solutions and session solutions deviate with respect to
the parameterization of the antenna coordinates, and thus also with respect to the correlations between the estimated antenna
parameters and the EOPs. Due to this, the consistently estimated EOP series also show differences. However, for both solution
types the reduction of the NTL leads to a change of the annual signal in the EOP series.
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1 Introduction

The International Earth Rotation and Reference Systems
Service (IERS) regularly publishes conventions for the
geophysical models applied in the analysis of the four geode-
tic space techniques: Very Long Baseline Interferometry
(VLBI), Satellite Laser Ranging (SLR), the Global Navi-
gation Satellite Systems (GNSS), and Doppler Orbitography
and Radiopositioning Integrated by Satellite (DORIS). The
latest version, the IERS Conventions 2010 (Petit and Luzum
2010), contains models for the tidal deformation of the
Earth’s crust due to the gravitational forces of external bodies
like the Sun and the Moon (e.g., Earth tides) or the rotation of
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the Earth (e.g., pole tides). The document further recognizes
the existence of non-tidal deformations, which are generated
from the redistribution of air and water masses in the Earth
system that is not driven by the aforementioned tidal forces.
This non-tidal loading (NTL) is usually separated into atmo-
spheric, oceanic, and hydrological components. For example,
if the barometric pressure increases (decreases) at a site due to
atmospheric fluctuation, the Earth’s elastic surface is pushed
down (lifted up) there. Such vertical displacements can have a
magnitude of a few centimeters, also for the other two NTL
components. Likewise, horizontal displacements are gene-
rated, even though their sizes are about 2-5 times smaller.
These magnitudes as well as the relevance of NTL for the
geodetic space techniques have been shown in many stu-
dies during the last decades (e.g., Rabbel and Zschau 1985;
van Dam and Wahr 1987; MacMillan and Gipson 1994; van
Dam et al. 2001; Tregoning and van Dam 2005a; Dach et al.
2010; Williams and Penna 2011; Eriksson and MacMillan
2014). However, there still are no recommended geophysi-
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cal or empirical models for site displacements due to NTL
in the current IERS Conventions. The various existing mo-
dels show significant differences especially for the non-tidal
oceanic and the hydrological loading (e.g., Roggenbuck et al.
2015; Glomsda et al. 2022), so they have been rated to not be
sufficiently accurate. Only the International VLBI Service
for Geodesy and Astrometry (IVS, Nothnagel et al. 2017)
requests its Analysis Centers (ACs) to consider non-tidal
atmospheric loading in the processing of VLBI observations,
since the agreement is quite strong for the respective models
nowadays.

A major application of the analysis results of the geodetic
space techniques is the realization of the International Ter-
restrial Reference System (ITRS), which co-rotates with the
Earth. Such realizations, called Terrestrial Reference Frames
(TRFs), contain the time-dependent coordinates of reference
points (i.e., markers of the VLBI, SLR, GNSS, and DORIS
observing stations) fixed to the Earth’s crust. In secular TRFs,
these coordinates change linearly with time, and hence any
instantaneous, nonlinear deformations of the Earth should
ideally be reduced in the analysis. However, the official con-
tributions of the technique services IVS, International Laser
Ranging Service (ILRS, Pavlis et al. 2021), International
GNSS Service (IGS, Johnston et al. 2017), and International
DORIS Service (IDS, Willis et al. 2010) to the realizations
of the ITRS are not yet reduced by NTL.

To account for the non-tidal signals, the three IERS ITRS
Combination Centers at the Institut national de I’'information
géographique et forestiere (IGN, France), NASA’s Jet Propul-
sion Laboratory (JPL, USA), and the Deutsches Geoditi-
sches Forschungsinstitut der Technischen Universitit
Miinchen (DGFI-TUM, Germany) take distinct measures.
In its two latest versions of the International Terrestrial
Reference Frame (ITRF), the IGN estimated annual and
semi-annual signals for the position time series of the four
geodetic space techniques (both ITRF2014, Altamimi et al.
2016, and ITRF2020, Altamimi et al. 2023), as well as
additional periodic signals for the first 8 draconitic har-
monics of the Global Positioning System (GPS) for the
position time series of the IGS stations (ITRF2020 only).
After all, the ITRS realizations by IGN are based on a
combination at the solution level. On the other hand, the
ITRS realizations by DGFI-TUM, named DTREF, are com-
bined at the normal equation level. DTRF2014 (Seitz et al.
2022) and DTRF2020! are reduced by NTL at the normal
equation level, too, namely by the application of ded-
icated site displacements derived from geophysical mo-
dels and provided by the Global Geophysical Fluid Center
(GGFC). Finally, the ITRS realizations by JPL, named JTRF
(e.g., JTRF2014, Abbondanza et al. 2017), are no secular
TRFs (like the ITRS realizations by IGN and DGFI-TUM)

1 https://dtrf.dgfi.tum.de/en/dtrf2020/.
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but epoch frames consisting of time series of reference points,
which naturally contain nonlinear behavior.

Collilieux et al. (2009) have analyzed the application of
site displacements due to NTL at the solution level for the
ITRF combination. Their results were generally promising,
but not significant enough to adapt this approach for the sub-
sequent ITRF2014 or ITRF2020. The insufficient accuracy
of the loading models was identified to be a major limita-
tion. Seitz et al. (2022) describe the application at the normal
equation level for the DTRF, and they also find that the
reduction of NTL is basically beneficial, in particular for
mitigating annual signals in the datum parameters. The appli-
cation at observation level, i.e., the reduction of NTL directly
in the functional models of the geodetic space techniques, has
mostly been discussed for daily or weekly single-technique
solutions (e.g., Tregoning and van Dam 2005b; van Dam
etal. 2012; Eriksson and MacMillan 2014). Only few studies
(e.g., Bohm et al. 2009 for VLBI) compute single-technique
secular TRFs when reducing NTL. As long as the distinct
technique services do not consider NTL consistently, and no
institution processes all techniques jointly, the analysis of a
combined (secular) TRF with NTL applied at the observation
level is not possible.

Our study will not completely fill this gap, either. Ne-
vertheless, we generate several VLBI-only secular TRFs,
which reduce NTL at both the observation and the nor-
mal equation level. We make use of the same geophysical
NTL models as will be applied in the DTRF2020 (compare
Glomsda et al. 2022), which represent recent updates and
should be more accurate than the models used in the pre-
vious decades. We examine the discrepancies between the
application levels and hence the suitability of a reduction of
NTL at the normal equation level in a secular TRF solution.
This might provide insights for the inter-technique combina-
tion as well. In previous studies (Glomsda et al. 2020, 2021),
we already investigated the impact of NTL in VLBI single-
session solutions, and we found that the results for both levels
were similar and systematically beneficial. However, we will
check whether there are qualitative differences between the
two types of solutions here. In particular, we will focus on
the Earth orientation parameters (EOPs).

In Sect. 2, we start with a description of the input data, i.e.,
the VLBI observations and the site displacements obtained
from the geophysical models. The theory of the computa-
tion of single-technique secular TRFs and the reduction of
nonlinear displacements is summarized in Sect. 3. The main
results regarding the impact of the reduction of NTL on the
estimated antenna offsets and velocities and the EOPs are
presented in Sect. 4, before the final conclusions are drawn
in Sect. 5.
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2 Input data
2.1 VLBI observations

In this study, we basically use the same legacy VLBI obser-
vations that have been considered as input to the ITRS 2020
realizations. These comprise all 24h VLBI sessions with
at least three antennas involved between August 1979 and
December 2020.% The official contribution by the IVS is a
combination of the reprocessed normal equations for these
sessions provided by the distinct IVS ACs (Hellmers et al.
2022). All ACs had to apply consistent geophysical mod-
els in their processing—in particular, the VLBI observations
must not be reduced by any NTL. Since we are going to
apply NTL at the observation level, however, we are not able
to use the IVS contribution. Instead, we have to set up our
own single-session normal equations (compare Sect. 3.1),
generated with the DGFI-TUM Orbit and Geodetic
parameter estimation Software (DOGS; Gerstl et al. 2000;
Kwak et al. 2017).

We did not exactly recycle our IVS input (DGFI-TUM is
an operational AC of the IVS), but we included a few model
updates for the new normal equations, which are not expected
to have an impact on our results. Most importantly, we chose
the ITRF2020 for the a priori antenna positions. Furthermore,
we applied the latest DGFI-TUM ocean tide model EOT20
(Hart-Davis et al. 2021), and we increased the resolution of
the estimated tropospheric gradients from 24 to 6 h. Finally,
the Galactic aberration of the radio source positions (see, e.g.,
MacMillan et al. 2019) is no longer considered by a direct
shift of the a priori positions taken from the International
Celestial Reference Frame 3 (ICRF3, Charlot et al. 2020),
but by a delay correction in the theoretical VLBI model. The
other geophysical and technique-specific models are in line
with the IERS Conventions 2010 and the IVS requirements
for the ITRS 2020 realization.

We could not include the full set of the aforementioned
legacy sessions, because some of them either failed in the
single-session reprocessing already, or their results were cor-
rupting our subsequent secular TRF solutions. In the end, we
used 5878 (out of 6519) sessions between 1980 and 2020.

2.2 Non-tidal loading data

Concerning the NTL data, we picked the contribution to the
ITRS 2020 realizations by the GGFC (Boy 2021). The same
data will be applied in the DTRF2020 and have been ana-
lyzed extensively by Glomsda et al. (2022). They consist
of site displacements for the relevant geodetic observing
stations, which have been derived from surface pressure
anomalies by the common global convolution with weighting

2 https://ivsce.gsfc.nasa.gov/IVS_AC/IVS- AC_ITRF2020.htm.

Green’s functions (see, e.g., Farrell 1972, or Petrov and Boy
2004). The driving geophysical and meteorological models
for the pressure anomalies are ECMWEF (European Cen-
ter for Medium-range Weather Forecasts) ERAS (Hersbach
et al. 2020) for the non-tidal atmospheric and hydrological
loading, and the Toulouse Unstructured Grid Ocean model
(TUGO-m, see Carrere and Lyard 2003, and Mémin et al.
2020) for the non-tidal oceanic loading. The site displace-
ments for these NTL components are available separately,
but Boy (2021) ensured the conservation of mass when they
are combined.

All displacements are provided in the center of figure of
the solid Earth (CF) frame, and in the center of mass of the
total Earth system (CM) frame, which includes the atmo-
sphere and the hydrosphere. The differences

SRTL(S. 1) — SRYL(S. 1) = gnr (1) (D

between the CF and CM displacements . at a site S and
an epoch ¢ yield the geocenter motion contributions gy, (t)
generated by NTL, which are equal for all sites. Geocenter
motion is the time series of the distance between the origins
of the CF and CM frames (see, e.g., Dong et al. 2003), and
it plays a crucial role in the realization of the ITRS (see
Altamimi et al. 2016, or Seitz et al. 2022). For the DTRF2020,
we will apply the site displacements of the CM frame (see
Glomsda et al. 2022), as the center of mass is the origin of the
ITRS (realized by SLR). For VLBI, the choice of the frame is
basically irrelevant (see, e.g., Eriksson and MacMillan 2014,
and Glomsda et al. 2021), because this technique depends
on the baselines between each two radio antennas. When
computing the difference between two antennas’ positions
S1 and S>, which have been shifted by displacements dNTL,
the site-independent translation gty cancels, such that

SN (S2, 1) — 8y (S1, 1)
= ‘Sgl”\r/[L(SZ, 1) — Sﬁl}AL(S] . 1). )

To recycle the NTL data used for the DTRF2020, we applied
the CM displacements in this study, too. The CF displace-
ments, however, can be computed with Eq. (1) and the
geocenter motion contribution time series, which is also pro-
vided by Boy (2021).

The time series of the site displacements and the corre-
sponding geocenter motion contribution contain linear trends
(i.e., offsets plus drifts, compare Glomsda et al. 2022), in par-
ticular for the hydrological component. Such trends distort
the estimated station offsets and velocities of secular TRFs,
i.e., a part of the linear station motions will be captured by the
NTL. To avoid this for both the DTRF2020 and the VLBI-
only secular TRFs generated in this study, the trends are
removed from the displacement time series before the latter
are applied (compare Fig. 1). If the trends were not removed,
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the pure linear station motions could not be obtained from the
secular TRF without getting hold of the displacement data
and correcting the motions for these trends.

Finally, since the input data for the ITRS 2020 realizations
have not been reduced by NTL at the observation level, only
the normal equations of the distinct geodetic space techniques
can be reduced during the computation of the DTRF2020. At
the normal equation level, however, the temporal resolution
of the site displacements gets lower. Originally, the data by
Boy (2021) have a resolution of 1h, but only one displace-
ment value can be applied per site coordinate and normal
equation. Hence, average values have to be computed for
the reduction in the DTRF2020. For VLBI and GNSS, this
would be the average displacement (per antenna) for each
24h observing session. For SLR and DORIS, on the other
hand, these would even be 7-day (15-day in the early years
of SLR) averages.

3 VLBI-only terrestrial reference frames
3.1 Single-session solutions

At first, observation and normal equations are set up for the
single VLBI sessions with DOGS-RI (Radio Interferometry).
The estimated variables comprise constant antenna coordi-
nates, constant radio source coordinates, linear Earth rotation
parameters (ERPs), constant celestial pole offsets, as well as
piecewise linear clock and tropospheric parameters. The esti-
mation process itself is based on the Gauss—Markov model
(see, e.g., Koch 1999), which we will recap briefly.

The linearized observation equations of each session s are
given by

ASAxS =I5, 3)

@ Springer
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with the matrix of partial derivatives A} ;= of(t)/ 8x‘j‘. of
the theoretical VLBI delay model f w.r.t. the parameters xj
(j =1,...,n%),the vector Ax*® of corrections to the a priori

parameter values in vector x* 0. and the vector
F=b— fx"0 )

of observed minus computed delays. The optimum solution
for the single session s in terms of the minimum sum of
squared residuals in the vector

v = AAx - I ®)
is given by the solution of the normal equation

s s S -1 A
Ax* = (N*+N3) 'y, (6)

where N* = (A®)T P*A* is called the normal equation
matrix with right-hand side y* = (A4*)T P’I*. N { is a matrix
of datum constraints (usually no-net-translation, NNT, for
antenna coordinates, and no-net-rotation, NNR, for antenna
and radio source coordinates), which are necessary to regu-
larize the normal equation matrix. P* is a (usually diagonal)
weight matrix filled with the reciprocals of the squared formal
errors of the real observations b} (i = 1, ..., m*). Finally, the
a posteriori variance factors of the single-session solutions
are

(vS)T P5v®

G3)? = ">, )

and the covariance matrix of the vector of estimates x° =
x50 4+ Ax? is given by

C: =63 (N +Ng) ™" ®)
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3.2 Secular terrestrial reference frame

When computing the single-session and secular TRF solu-
tions with DOGS-CS (Combination and Solution) for this
study, we reduce the clock and tropospheric parameters, and
we fix the radio source coordinates to their a priori values.
For our secular TRFs, we additionally transform the constant
antenna coordinates p(#;) at the session epochs #, into linear
ones, parameterized by an offset o(#) at a suitable reference
epoch ¢y and a constant velocity d (compare Angermann et al.
2004; Seitz et al. 2022):

p(ts) = o(to) + (& — t0) d. ©))

As a consequence, the left-hand side of the observation equa-
tion (3) is modified,

ASAp* «— [A° A°BY] Aot (10)
P Ad’ |’
with matrix
(ts —10) ... 0
B’ = : : (11)
0 ... (ty —19)

(see BloBfeld 2015; for ease of notation, we restrict the for-
mulas to the antenna coordinates in p). Likewise, the normal
equation system is transformed,

N?® N°B*

yS
NS <~ [BSNS BSNSBSi|’ yS <~ |:B_g‘ysi|7 (12)

and the new a priori values fulfill 00 + B*d** = p*-0.

The secular TRF can now be obtained from the combi-
nation of the single-session normal equation systems. The ¢
transformed, datum-free, and session-wise components are
stacked like this:

q q
N=) N. y=) ",
s=1 s=1

(13)

where the normal equation matrices N* and right hand sides
y* have been extended by rows and columns of zeros to
match a dimension equal to the total number of estimated
parameters n. With an a priori variance factor 002, the weight
matrix of the combination is given by

P ... 0
P=o; (14)

0o ... P1

The datum constraints in a matrix Np are only applied to
the stacked normal equation system, and they now consist
of NNT and NNR conditions for the antenna positions and
velocities. Finally, the secular TRF solution is obtained by
solving
Ax=(N+Np)~ 'y (15)
for the transformed and stacked parameter vector x, and the
a posteriori variance factor is computed as

T
2 v' Pv 16
0 — q P (16)
( s=1 m ) —n

with the residual vector v. 602 contributes to the covariance
matrix of the estimates analogous to Eq. (8).

3.3 Application of site displacements

As mentioned before, reducing NTL means reducing the
(VLBI) observations by the respective site displacements at
one of the following levels:

1. The observation level, where the original site displace-
ments are directly considered in the linearized observation
equations (see, e.g., van Dam and Wahr 1987, or Petrov
and Boy 2004). This is the most rigorous approach.

2. The normal equation level, where the normal equation
system is modified with average displacements (see, e.g.,
Glomsda et al. 2020, or Seitz et al. 2022). This is only an
approximate approach.

3. The solution level, where the site displacements are sim-
ply removed from either the final coordinate estimates
(see, e.g., Bohm et al. 2009, or Williams and Penna 2011),
or from the input coordinates to a secular TRF combina-
tion at solution level (Collilieux et al. 2009).

In the following, we present some theoretical implications of
the reduction of site displacements in a (VLBI-only) secular
TREF. Glomsda et al. (2021) have done this for single-session
solutions. In this study, however, we will only treat the first
two levels.

3.3.1 Observation level
If site displacements are applied at the observation level of
the Gauss—Markov model, the theoretical delay function f

changes to f. Following Glomsda et al. (2021), we end up
with new normal equation systems for each session s,

ax = (V' +3) ' 5 (17)

@ Springer
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and consequently a new stacked normal equation system for
the secular TRF:

q q
V= N, 5= 5" (18)
s=1 s=1

3.3.2 Normal equation level

. . . . <
Applying average site displacements in a vector dyyy, at the
normal equation level means approximating the new theore-
tical (delay) function by

~5

f o~ f = f+A8m (19)

%

(see Seitz et al. 2022). As a consequence, the right-hand side
of the normal equation system converts to

y o= (AT P T
=@)7P (b - T)
= (AP (I - A" 8yr)
=y — N8y (20)

while the normal equation matrices N* remain unchanged.
The new stacked system becomes

q
N=N=) N, j=> 5" 1)

3.3.3 Comparison of application levels

Comparing Egs. (18) and (21), we identify several potential
sources for deviations between the secular TRFs with NTL
reduced at the observation and the normal equation level,
respectively:

— the loss of temporal resolution by the average displace-
ment vector S;ITL in Eq. (19).

— the differences in the single-session normal equation
matrices, N* vs. N*.
the differences in the single-session observation matrices,
A’ vs. A®, which affect the estimated antenna parameters
in Eq. (10).

Glomsda et al. (2021) show that A~ A’, and hence
N’ ~ N* for most 5. As a consequence, the impact of
the apphcatlon level on the estimated antenna positions will
mostly be low in VLBI single-session analysis, especially
if the temporal variation of the displacements is small du-
ring a session (which holds for the hydrological loading in
particular, compare Glomsda et al. 2020). However, the con-
tingently small discrepancies per session might accumulate

@ Springer

to a significant deviation of the new matrix N from N in a
secular TRF solutlon In addition, the new offset and velocity
parameters 0° and d depend on A’ , respectively.

On the other hand, a linear station motion is estimated in a
secular TRF. Seasonal and other variations in single-session
positions are hence averaged out, at least if the coordinate
time series are long enough (e.g., more than 2.5 years accord-
ing to Blewitt and Lavallée 2002). As a consequence, the
differences between the application levels might be averaged
out as well. Significant deviations might rather be observable
for the jointly estimated EOPs, which are not bound to a lin-
ear motion across all sessions.

3.3.4 Comparison of solution types

An eminent difference between single-session and secular
TREF solutions is given by the datum constraints. There is
a separate matrix N ‘YD for each session s, and Bohm et al.
(2009) and Glomsda et al. (2021) claim that the choice of
datum stations determines how the (NTL) site displacements
are transformed into changes in the estimated antenna coor-
dinates. Hence, there is a network effect in the position time
series created from single-session solutions. In the computa-
tion of a secular TRF, on the other hand, the datum constraints
Np are only applied after the stacking of the datum-free nor-
mal equation systems. These constraints are defined for a
fixed set of stable stations and across all sessions. As a con-
sequence, there is no comparable network effect related to
the NTL, at least no time-dependent one.

3.4 Secular TRF computation details

In this work, we basically generate all VLBI-only secular
TRFs according to the approach described in Sect. 3.2. Some
more details, however, need to be mentioned.

A few antennas do not reveal a long-term linear motion
across their whole observation period, because their posi-
tions have been abruptly shifted by earthquakes. After these
events, the antenna coordinates follow nonlinear motions due
to post-seismic deformation (PSD; compare Altamimi et al.
2016) of the Earth’s crust. Such deviations from the constant
velocity d need to be accounted for, and we apply the same
approach as will be used for the DTRF2020. Namely, we
model the PSD by exponential or logarithmic functions, or
by combinations of the latter, for each corresponding antenna
coordinate separately. The resulting site displacements are
valid for certain periods after each earthquake, and all nor-
mal equations of VLBI sessions that take place during these
periods and contain an affected antenna are corrected for
these displacements before being stacked.

The introduction of antenna velocities according to Egs.
(9) and (12) is only performed after the single-session nor-
mal equations have been corrected for PSD. As a priori
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Table 1 Distinct setups for the

Description

VLBI-only secular TRFs Scenario

computed in this study REF
ATM
SUM
NEQ

Reference solution without any NTL
Non-tidal atmospheric loading at observation level
Total NTL at observation level

Total NTL at normal equation level

All NTL data are detrended

values 0" and d° for the new antenna offsets at the reference
epoch and the velocities, we use the values of the previous
DTRF2014 and zero, respectively. The reference epoch #
is set to 2010.0, like for the DTRF2020. For each observa-
tion period before and after a position series discontinuity,
new offsets and velocities need to be set up. As a conse-
quence, a single antenna can have several so-called solution
numbers (AO1, A02,...), which are valid at distinct intervals.
Next to the ones created by earthquakes, there are also other
antenna-specific discontinuities (compare Seitz et al. 2022).
For example, we introduced a break at 2017-10-18 for the 20
m antenna at Ny Alesund, Svalbard, due to post-glacial uplift
(Kierulf et al. 2022), and another one at 2011-11-10 for the
40 m antenna at Yebes, Spain, due to the introduction of the
gravitational deformation model (Nothnagel et al. 2014).

We are not estimating parameters for all antennas in our
set of single sessions. In particular, we reduce all solution
numbers that participate in less than 20 sessions to obtain
sufficiently stable results. In the end, we estimate offsets and
velocities for 119 solutions of 84 antennas.

As already mentioned in Sect.3.2, the remaining free
parameters are the linear antenna positions and the EOPs. The
datum constraints Np consist of NNT and NNR conditions
w.r.t. the offsets and velocities of 33 steady antennas. The
EOPs have been loosely constrained with standard deviations
of 10 mas, 50 mas, and 5 ms for the nutation (D X crp, DYcip),
polar motion (dxpol, dypol, as well as their rates), and Earth
rotation (AUT1, LOD) parameters, respectively. These val-
ues ensure numerical stability but keep the diversity of the
estimated standard deviations between the EOPs.

4 Impact of non-tidal loading on TRF
4.1 NTL scenarios

InTable 1, we summarize the distinct VLBI-only secular TRF
scenarios that we investigate in this study. REF is the refe-
rence scenario, where no NTL is reduced at all. The formulas
and notations of Sects. 3.1 and 3.2 belong to this case. In sce-
nario ATM, we reduce only non-tidal atmospheric loading
(i.e., the ECMWF ERAS data with the inverted barometer
hypothesis for the atmospheric pressure above the oceans,
compare Boy 2021) at the observation level. This is the

Table 2 Statistics of the distinct VLBI-only secular TRFs

Scenario v Py 00

REF 21,141,960 1.18057
ATM 21,117,324 1.17989
SUM 21,097,685 1.17934
NEQ 21,100,572 1.17942

setup for the regular, non-ITRS IVS contributions. All three
(atmospheric, oceanic, hydrological) components of NTL are
reduced at the observation level in scenario SUM. As with
scenario ATM, the linear trends have been removed from
the corresponding site displacements (compare Sect.2.2).
Finally, in scenario NEQ, we reduce the combined and
detrended NTL data at the normal equation level, as is done
for the DTRF2020.

4.2 Solution statistics and formal errors

In Table 2, we summarize the statistics for the distinct secular
TREF solutions. They do not change significantly after the
reduction of any NTL, so the least-squares optimization for
asecular TRF appears to be rather insensitive to this effect. At
least, we observe an improvement in the weighted square sum
of residuals v” P v in each case. The best, i.e., smallest, value
is obtained when all three NTL components are considered
(SUM), and the values are quite close for the two application
levels (SUM and NEQ).

The ratios between the a posteriori variance factors &g of
the NTL scenarios and the reference scenario will determine
the size of the change in the formal errors, i.e., the standard
deviations of the estimated parameters. Namely, the para-
meter covariance matrix is given by

.» | (N + Np)~' for REF, NEQ;

Cy = N
70 (N 4+ Np)! for ATM, SUM.

(22)

From these equations, we see that the formal errors are addi-
tionally affected by the new entries in the combined normal
equation matrix N when the NTL is reduced at the observa-
tion level.

InFig.2, we show the changes in formal errors for the esti-
mated x-coordinate velocities after the reduction of NTL. The
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absolute changes are very small (with a magnitude of a few
micrometers per year, compare the top panel), and the rela-
tive changes are basically located on the lines representing
(&é\ITL)2 / (&§EF)2 (bottom panel). However, there is some
additional variation for the scenarios where the covariance
matrix of the secular TRF contains N , i.e., all except for
NEQ. The formal errors are ordered by the length of the
observation periods for their corresponding antennas. The
absolute changes in formal errors are largest for antennas
with short observation periods, mainly because the relative
changes are more or less constant, and the errors are largest
for these antennas in the reference scenario in the first place.
The same behavior is also observed for the formal errors of
the other estimated parameters.

4.3 Estimated antenna motions

The estimated offsets and horizontal velocities of the sce-
nario with all NTL components reduced at the observation
level (SUM) are shown in Fig.3. The differences between
the estimated linear motions of the distinct scenarios are
hardly visible on such world maps, so the changes w.r.t. the
reference scenario are plotted in topocentric coordinates in
Fig.4. There, the antennas are still ordered by the length of
their observation periods. When reducing NTL, the position
offsets can change by a few millimeters, but mostly for anten-
nas with short observation periods. The largest vertical velo-
city change is about 6 mm/year for the antenna RAEGYEB,
Spain, which has the shortest observation period of less than
1 year. According to Blewitt and Lavallée (2002), at least
2.5 years of observations are necessary to estimate a reliable
velocity (in the presence of annual signals). However, if we
reduce residual signals like NTL, we expect the velocity esti-
mates to be improved for the short periods. As Fig. 4 suggests,
the impact of NTL is basically negligible for observation
periods longer than 15 years, since the nonlinear signals are
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almost completely averaged out. Soja et al. (2016) empha-
size that the period length itself is not the main criterion, but
an antenna also needs to participate in a sufficiently large
number of sessions. If there are only few sessions available
for particular antennas, this is also reflected in large formal
errors of the estimated position parameters. The impact of the
reduction of NTL is seldom exceeding these formal errors,
which are represented by the error bars in Fig. 4.

Another conclusion from this figure is the minor relevance
of the NTL reduction level for the linear antenna motions.
The differences in estimates for scenarios SUM and NEQ
w.r.t. the reference scenario are very similar, so the potential
sources for deviations listed in Sect.3.3 do not take much
effect. Regarding the antenna positions, reducing NTL at the
normal equation level hence is a suitable approximation for
the reduction at the observation level.

An important open question is whether the new antenna
motions are beneficial. When comparing our VLBI-only
secular TRFs to the VLBI single-technique solution of the
ITRF2020, we found a very good agreement for antennas
with an observation period longer than 15 years (independent
of the scenario). However, for many of the antennas with a
less long or dense observation history, the discrepancies in
estimated velocities already were much larger than the impact
of any NTL in our study. The ITRF2020 is combined at the
solution level, and semi-annual and annual signals are fitted
to the position time series, so the methodologies are quite
different in the first place. For this reason, maybe, we could
not show that our velocities approach those of the ITRF2020
when we reduce NTL, either.

Another validation procedure would be to check for an
improvement of local ties of co-located stations, as done by
Collilieux et al. (2009) and Seitz et al. (2022). However, since
we are only using the VLBI-technique, we do not have that
possibility here. This analysis could be caught up with the
DTRF2020.
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Fig.4 Changes in estimated
topocentric coordinate offsets
(left column) and velocities
(right column) between the
reference scenario REF and the
scenarios ATM (blue), SUM
(red), and NEQ (yellow). The
corresponding antennas are
ordered by the length of their
observation periods (x-axes),
and the error bars reflect the
formal errors of the respective
parameters in the NTL
scenarios. Top: North, middle:
East, bottom: up direction
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Fig.5 Estimated velocities
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Instead, we use an indirect approach: We artificially intro-
duce discontinuities and divide the observation periods of
various antennas into a long part, solution AOI, and a short
part, AO2. Thereby, the short parts have lengths of 0.5 to 3
years (with a step size of 0.5 years), and for each case we
compare the antenna velocities estimated for AO1 and A02
with and without reducing NTL. Ideally, the velocity of A02
would agree more with that of AO1 (which is supposed to
be the true velocity) when NTL is considered. The estimated
velocities in x, y, and z directions for the distinct solutions
of the antennas WETTZELL, Germany, and SESHAN2S,
China, are shown in Fig. 5. The black lines refer to the solu-
tions AQ1 with the long observation periods, and we find that
the velocities basically agree independent of the reduction
of NTL. Beside the maximum period lengths (37.1 years
and 32.6 years, respectively), the main difference between
WETTZELL and SESHAN?2S5 is the number of their appear-
ances in the VLBI sessions. WETTZELL takes part much
more often (in about 96 sessions per year on average versus
about 13 sessions), and so the signals in the NTL displace-
ment series can also be reflected more densely in the position
time series of this antenna.

In particular for SESHAN?2S5, there is no continuous con-
vergence of the velocities for solutions A02 toward those
for solutions AOI. This is in line with the results of Ble-
witt and Lavallée (2002), who report an alternating velocity
bias (induced by annual signals) depending on the observa-
tion time span. Furthermore, even for observation periods of
3 years and with the reduction of NTL, the velocities esti-
mated for solutions AO1 and AOQ2 still do not completely
agree in most cases. But this is not necessarily erroneous,
because the time series of antenna positions might contain
some long-period signals that still affect the distinct velocity
estimates. (And the site displacements have been detrended.)
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We see, however, that the impact of NTL is particularly strong
for periods shorter than 2 years in both examples, and the
velocities estimated for A02 with the reduction of NTL are
often closer to those estimated for AO1. For WETTZELL,
the velocities of A02 for REF, SUM, and NEQ already agree
well after 2 years, while it takes 3 years for SESHAN2S5 to
get independent of the reduction of NTL at any level. This is
probably related to the average session appearances, but the
concrete locations (i.e., time series phases) of the extracted
observation periods are also relevant. The mismatch for the
period length of 2.5 years (the proposed minimum time series
length for reliable velocity estimates, compare above) with
SESHAN?25 might be explained by the fact that the NTL data
contain more than just annual and semi-annual signals.

To conclude, the ability to improve the velocity estimates
for antennas with short observation periods (and hence to
include them in a secular TRF computation) by considering
NTL depends on the particular antennas and their observation
history. Notably, the agreement of the displacement series
and the corresponding time series of antenna position resi-
duals (w.r.t. their estimated linear motions) is important, i.e.,
the agreement of the amplitudes and phases of their respective
spectra (see the comparisons for GNSS stations by Glomsda
et al. 2022).

4.4 Helmert transformations

We perform 14-parameter Helmert transformations at epoch
2010.0 between the secular TRFs from scenario REF and
each of the NTL scenarios. That is, we estimate three trans-
lations, three rotations, a scale parameter, and their rates
in an unweighted least-squares adjustment. All estimated
parameters, their formal errors, and the root-mean-square
(RMS) values of the offset and velocity residuals can be
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Table 3 Helmert parameters

ATM

SUM NEQ

and their formal errors (in Parameter

parenthesis) for the T, [mm]

transformations at epoch 2010.0 .

between the secular TRFs of the T [mm/year]

reference and each NTL Ty [mm]

scenario. The rot.atlor?s R and 7, [mm/year]

the scale S are given in mm at ;

the Earth’s surface assuming a T, [mm]

spherical radius of 6378 km TZ [mm/year]
Ry [mm]

RX [mm/year]

Ry [mm]

Ry [mm/year]

R; [mm]

R, [mm/year]

S [mm]

S [mm/year]

RMS pos. [mm]
RMS vel. [mm/year]

0.152 (0.023) —0.281 (0.036) —0.281 (0.035)

0.005 (0.003) —0.000 (0.004) 0.002 (0.004)
—0.044 (0.024) —0.200 (0.037) —0.272 (0.037)
0.013 (0.003) —0.004 (0.004) —0.004 (0.004)
0.313 (0.022) 0.219 (0.035) 0.222 (0.034)
0.007 (0.003) 0.016 (0.004) 0.020 (0.004)
0.079 (0.030) 0.093 (0.047) 0.178 (0.046)
—0.010 (0.003) —0.005 (0.005) —0.005 (0.005)
0.039 (0.029) —0.131 (0.046) —0.141 (0.046)
0.008 (0.003) 0.021 (0.005) 0.017 (0.005)
0.033 (0.020) 0.096 (0.031) 0.138 (0.030)
—0.002 (0.002) —0.000 (0.003) 0.005 (0.003)
—0.177 (0.019) —0.296 (0.031) —0.288 (0.030)
0.006 (0.002) —0.013 (0.003) —0.015 (0.003)
0.203 0.315 0.254
0.021 0.042 0.041

found in Table 3. Although the parameter values are mostly
statistically significant, they are all below 1 mm, just like
the RMS values. Even when extrapolating the values with
their rates over three decades, hardly more than 0.5 mm are
added. Hence, there is no major change in the datum or the
mean deformation of the networks induced by the reduc-
tion of NTL, which is similarly reported by Collilieux et al.
(2009). Since the corresponding parameters for the scena-
rios SUM and NEQ are very close, we have further evidence
for the good agreement of the application levels. The site
displacements generated from the NTL models are largest
in the vertical direction, so the scale is the most interesting
transformation parameter here, also because the scale is the
datum parameter which can actually be realized by VLBI. As
expected, its values are greater when reducing all NTL com-
ponents instead of the non-tidal atmospheric loading only.

4.5 Earth orientation parameters

To analyze the impact of the reduction of NTL on the EOPs,
we also use our estimated secular TRFs as a priori reference
frames to compute single-session solutions. That is, we take
the datum-free normal equations for scenarios REF, ATM,
SUM, and NEQ and transform the a priori antenna posi-
tions to the values picked from the respective secular TRFs
(compare Blofifeld 2015). During the solution of the session-
wise equation systems, the NNT and NNR constraints hence
align the estimated antenna positions to our new secular TRFs
instead of the ITRF2020. As we have seen in Sect. 4.3, the
effect of NTL on the estimated antenna motions in the secular
TREF is rather small, and there are hardly any discrepancies

between the application levels. Maybe this situation changes
for the EOPs, which are still estimated per session epoch.

If we pick a scenario from Table 1 and compare the EOPs
from the single-session and the secular TRF solutions, the dif-
ferences are significantly larger than the differences between
two scenarios for the same solution type. As an example, we
show the differences for dypo in Fig.6. The peak-to-peak
variation for scenario REF between the single-session and
the secular TRF values for dyyo is about 0.2 mas. The vari-
ation between the single-session values for scenarios REF
and SUM, on the other hand, is only half as large. And the
variation between the secular TRF values for scenarios REF
and SUM is still smaller. Hence, the nature of the EOPs esti-
mated in a secular TRF deviates from that of EOPs estimated
in single-session solutions.

Since their positions are moving only linearly with time,
the antenna networks are more stable in a secular TRF. With
a fixed celestial reference frame as in our solutions, we might
expect the same for the EOPs, at least for the ERPs (dxpol,
dypol, AUT1), which are responsible for the terrestrial part
of Earth rotation. When determining the correlation matrix
from the covariance matrix of the estimated parameters in
Eq. (22), we indeed observe that the correlations between
the antenna parameters and the ERP offsets (as opposed to
their rates in a discontinuous piecewise linear representation)
are the largest among the EOPs (see Fig. 7). We conclude that
the ERP offsets will probably show less variability in secular
TREF solutions than in single-session solutions.

The correlation values of the estimated parameters are
mostly small, especially for the ERP rates and the celes-
tial pole offsets. The latter are mainly correlated with their
counterparts at the same epoch, which is indicated by the
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Fig. 7 Correlation matrix of the estimated antenna parameters and
EOPs for a version of the reference scenario REF where all EOPs
are reduced except for the years 2000-2002. The scale of the color
map is capped to highlight the correlations which are significantly dif-
ferent from zero. The order of the estimated parameters is: D Xcrp
(1-430), DYcrp (431-860), (LOD) (861-1290), AUT1 (1291-1720),
dxpo rates (1721-2150), dxpo (2151-2580), dypol rates (2581-3010),
dypol (3011-3440), antenna offsets and velocities (3441-4154)

diagonals in Fig.7. The ERP offsets and the antenna para-
meters, however, are also correlated with the EOPs at other
epochs, including the rates and the celestial pole offsets.
Hence, the EOPs in a secular TRF are not as independent
as the ones from the single-session solutions. In Table 4, we
show the weighted RMS (WRMS) values of the differences
between the respective EOPs estimated in the two solution
types. The values are given for the reference scenario and
the two scenarios with the total NTL applied. The results for
both application levels are again very close, and we observe
that the discrepancies between the EOPs of the two solution
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Table4 WRMS values of the differences between the EOPs estimated
in the secular TRF and the respective single-session solutions

EOP REF SUM NEQ
dxpol [112s] 100.20 96.52 96.82
dxpoi [pas/d] 71.54 69.72 69.66
dypol [pas] 113.59 109.04 109.28
dypor [1eas/d] 75.24 72.59 72.89
AUTI [ps] 5.11 4.95 4.96
LOD [ps/d] 3.11 2.99 2.99
DXcrp [pas] 18.25 17.72 17.53
DYcp [pas] 18.17 17.75 17.70

types are systematically decreased by about 3—4% when NTL
is reduced.

The application of NTL has yet another effect on the ERP
offsets. Figure 6 reveals an annual signal for the differences
between dypo estimated with and without considering NTL,
both in the secular TRF and the single-session solutions. This
annual signal w.r.t. scenario REF appears for the scenarios
ATM, SUM, and NEQ, and the corresponding amplitudes for
the secular TRF solutions are listed in Table 5. Generally, the
annual signal in the differences is larger when the total NTL
is applied than when only the non-tidal atmospheric loading
is applied, and the application level is little relevant. The
amplitude of the signal is about half of the WRMS values of
the differences, compare Fig. 8.

When comparing our EOPs with external data, i.e., the
14 C04 (Bizouard et al. 2019) and TAU2000 finals series of
the IERS, we find that the differences (again expressed as
WRMS values) for the ERP offsets are smaller for the secu-
lar TRF solutions (see Table 6). For the celestial pole offsets
(DXcrp and DYcrp) and the length of day (LOD, the negative
rate of AUT1), this is also mostly the case, but the percentage
changes are less significant (at least compared to the polar
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Table 5 Annual amplitudes of the differences in the estimated ERPs
of the secular TRF solutions w.r.t. the reference solution without the
reduction of NTL

ERP ATM SUM NEQ
dxpor [pas] 6.06 8.12 8.33
dypol [1as] 2.87 6.87 7.34
AUTI [ps] 0.18 0.28 0.31

EEINEQ (sessions)
EESUM (sessions)
[INEQ (TRF)
EESUM (TRF)

DXCIP DYClP AUT1 LOD dxpDI dx ol rate dy ol dy ol rate

[uas]  [pas]  [us] [us/d]  [pas] [pas/d]  [uas] [pas/d]

Fig. 8 WRMS values of the differences between the estimated EOPs
(x-axis) in scenarios SUM or NEQ and those in REF. In each case, the
differences refer to either the single-session solutions (red, blue) or the
secular TRF (gray, yellow)

motion offsets). This might confirm that the ERP offsets actu-
ally are more stable in a secular TRF, since the external series
have been derived from the combination of various single-
technique series and thus should be quite robust, too.

The deviations between scenario REF and the NTL sce-
narios are all significantly smaller than the deviations to the
reference series (i.e., the current precision level), which was
also reported by, e.g., Petrov and Boy (2004), or Collilieux
et al. (2009). In Fig. 8, we show the corresponding WRMS
values for both single-session and secular TRF solutions.
First, we observe that the ERP offsets do not behave like their
rates and the celestial pole offsets. The ERPs are parameter-
ized as discontinuous piecewise linear functions per session.
If constant site displacements are applied in a single session,
as with scenario NEQ, then mainly an ERP’s offset will be
shifted, while only a minor impact on its rate is expected.
If, on the other hand, the site displacements have a large
intra-session variation, then also an ERP’s rate will proba-
bly change more strongly, while its offset might only reflect
the average level of the displacements. This is potentially the
case in scenario SUM. As a consequence, we expect a sig-
nificant deviation between the results for the two application
levels for the ERP rates rather than the ERP offsets. This is
exactly what we see in Fig. 8, and what Glomsda et al. (2020)
have found in the VLBI single-session analysis before.

We also observe different properties for the secular TRF
and the single-session solutions again. Earlier, we claimed
that the EOPs between the distinct session epochs are corre-

Table6 EOP differences w.r.t. external series for the reference scenario
REF (“rel. diff.” means “relative difference”)

WRMS
EOP Solution 14 C04 Finals
dxpol [1ras] Secular TRF 96.2 103.6
Session solutions 118.7 126.4
Rel. diff. 23.5% 22.0%
dypor [ras] Secular TRF 98.4 107.8
Session solutions 123.5 130.0
Rel. diff. 25.4% 20.5%
AUTI [us] Secular TRF 13.7 13.4
Session solutions 14.0 13.9
Rel. diff. 2.6% 3.6%
LOD [ps/d] Secular TRF 14.2 14.2
Session solutions 14.2 14.4
Rel. diff. 0.3 1.9%
DXcip [pnas] Secular TRF 42.3 47.2
Session solutions 41.9 47.3
Rel. diff. —1.0% 0.2%
DYcrp [pas] Secular TRF 42.0 46.9
Session solutions 42.0 47.0
Rel. diff. 0.0% 0.3%

lated in a secular TRF solution, and that their time series will
be less noisy than for the single-session solutions. The first
assumption is reflected by the fact that the impact of NTL at
the normal equation level on the ERP rates is significantly
larger in the secular TRF solution. The second assumption
might be supported by the fact that the influence of NTL on
the ERP offsets is smaller in the secular TRF solution for both
application levels. Together, we note that the impact of NTL
is more distributed between ERP offsets and rates in secular
TREF than in single-session solutions for both levels. Finally,
we find that the celestial pole offsets behave like the ERP
rates. Their connection with terrestrial site displacements is
rather weak, and their correlation structure resembles that of
the rates, too (compare Fig.7 again).

In absolute numbers, the impact of NTL on the ERP offsets
did not increase compared to previous VLBI studies. Petrov
and Boy (2004) report RMS values of 100 prad for polar
motion (= 0.02 mas) and AUT1 (= 0.001 ms) when apply-
ing the horizontal component of atmospheric loading. When
reducing all components of NTL, Roggenbuck et al. (2015)
and Minnel et al. (2019) obtain changes in polar motion
and AUTI usually below 0.1 mas and 0.003 ms, respec-
tively, which will provide (W)RMS values close to those
of ours and Petrov and Boy (2004). Only Collilieux et al.
(2009) find larger WRMS values of 0.062 — 0.068 mas for
polar motion, while the value of 0.002 ms for AUT1 is again
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similar to that of the other studies. However, the latter authors
apply a combination at solution level.

Since the effect of NTL is concealed by the differences to
the reference EOP series, we cannot tell whether the annual
signals of Fig.6 and Table 5 imply a decrease of residual
annual signals in the ERP estimates. However, we have good
reason to assume this, because the reduction of the total NTL
also lessens the annual signals in antenna heights and the
scale parameter in Helmert transformations of VLBI single-
session solutions (e.g., Glomsda et al. 2020).

4.6 Baseline length repeatabilities

Finally, we use the single-session solutions with their cor-
responding a priori TRFs to compute the baseline length
repeatabilities (BLRs) for the scenarios REF, ATM, SUM,
and NEQ. The BLR equals the WRMS value of the esti-
mated session-wise baseline lengths w.r.t. their long-term
linear approximation. In the middle and bottom panels of
Fig.9, we plot the absolute and relative changes in the BLRs
when reducing NTL in the distinct scenarios, respectively.
We observe that the BLRs systematically improve by up to
20% when the total NTL is applied at either the observation
or the normal equation level. For the non-tidal atmospheric
loading, the general decrease is smaller and some BLRs even
increase slightly.

The improvement is driven by the application of site dis-
placements in the observation or normal equations of the
single-session solutions. That is, the BLRs would equally
decrease if the a priori TRFs were not reduced by the total
NTL (compare Glomsda et al. 2020). However, the secular
TRFs computed from such reduced single-session solutions
(like those in this study) will clearly benefit from the smaller
BLRs, which reflect the mitigation of systematic effects that
distort the estimation of the linear antenna motions.

@ Springer
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5 Conclusion

We have generated various VLBI-only secular TRFs with and
without the reduction of NTL. The latter has been applied in
the form of antenna site displacements at the observation (i.e.,
within the theoretical delay model) or the normal equation
level of the geodetic parameter estimation process. Linear
trends in the displacement time series are removed to not
distort the estimated linear antenna positions (and to a minor
extent also the consistently estimated ERPs) and the realized
geodetic datum, i.e., the scale in the case of VLBI.

Although both the VLBI analysis and the geophysical
models for NTL have improved during the last years, the
impact of NTL is still quite small. In particular for secu-
lar TRFs, where long-term linear positions are estimated,
the nonlinear effects of NTL are averaged out for anten-
nas with a sufficiently long and dense observation history.
The overall statistics and the formal errors of the estima-
tion process hardly change. Nevertheless, for antennas with
only short observation histories or sparse data, the reduction
of NTL will be relevant and beneficial. The application of
site displacements at the normal equation level is a suitable
approximation for the application at the observation level,
since the results for the linear antenna motions agree very
well for both approaches.

The effect of NTL is more striking for the epoch-wise
estimated EOPs. While the absolute changes are small as
well, we observe quite different behaviors for the ERP off-
sets compared to those of their rates and the celestial pole
offsets. The former have a larger correlation with the esti-
mated antenna positions in the secular TRF than the latter,
while all EOPs are mathematically uncorrelated between the
single-session solutions. As a consequence, the variability
and the dependence on NTL of the EOPs is also different
between secular TRF and single-session solutions. The ERP
rates are more affected by the sub-diurnal variation of the site
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displacements, and thus the choice of the application level
is especially relevant for them. Finally, there is an annual
signal in the differences between the ERP offsets estimated
with and without the reduction of (the total) NTL.

After all, it appears that the precision of VLBI results (both
secular TRF and single-session solutions) is still suffering
from the sparse antenna network and/or the network varia-
tions between the distinct sessions. Furthermore, unmodeled
errors such as radio source structure (e.g., Anderson and Xu
2018) might impair a larger impact of the reduction of NTL.
Maybe the increased precision of the next-generation sys-
tem, the VLBI Global Observing System (VGOS, e.g., Niell
et al. 2018), will also increase the significance of NTL. Ne-
vertheless, as confirmed by the improvement of the baseline
length repeatabilities or the mitigation of the annual signal in
the scale time series (e.g., Glomsda et al. 2020), for example,
the benefits are already systematic for the legacy system, so
the total NTL should generally be reduced in routine VLBI
analyses.
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