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Abstract 

The Deutsches Geodätisches Forschungsinstitut der Technischen Universität München (DGFI-TUM) is one of the 
three Combination Centres of the International Earth Rotation and Reference Systems Service for the International 
Terrestrial Reference System (ITRS). In its upcoming realization of the ITRS, the DTRF2020, DGFI-TUM will again correct 
for non-tidal loading (NTL) effects at the normal equation level. Next to the dedicated NTL data set for the ITRS 2020 
realization provided by the Global Geophysical Fluid Center (GGFC), we also considered the data provided by the 
Earth System Modelling group of the Deutsches GeoForschungsZentrum (ESMGFZ). Besides also comprising all NTL 
components (atmospheric, oceanic, hydrological) and being mass conserving, the ESMGFZ data has the advantage 
of daily availability and is already in use at DGFI-TUM. The decision for one or the other data set depends on their suit-
ability for a secular terrestrial reference frame like the DTRF2020, which will be assessed in this work. Although we also 
compare the site displacements induced by NTL to the residuals of station positions of the Global Navigation Satellite 
Systems, we will not evaluate the quality of the underlying geophysical models per se. The two data sets differ w.r.t. 
the underlying hydrological models and the treatment of non-tidal oceanic loading, but the most relevant difference 
is given in terms of trends in the displacement time-series. After a close investigation of the latter, we finally decided 
to apply the GGFC contribution to the ITRS 2020 realization in the DTRF2020.
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Introduction
Every 5–6 years, new realizations of the International 
Terrestrial Reference System (ITRS) are computed by 
the ITRS Combination Centres (CC) of the Interna­
tional Earth Rotation and Reference Systems Service 
(IERS). These realizations are called terrestrial refer­
ence frames (TRF), and the CC are the Institut national 
de l’information géographique et forestière (IGN) in 
France, NASA’s Jet Propulsion Laboratory (JPL) in the 
USA, and the Deutsches Geodätisches Forschungs­
institut der Technischen Universität München (DGFI-
TUM) in Germany. The ITRS is a conventional 
3-dimensional Cartesian reference system co-rotating 
with the Earth, in which the x- and y-coordinate axes 
lie in the conventional equatorial plane, with the x-axis 
pointing towards the Greenwich meridian, and the 
z-axis is oriented to the IERS reference pole. The ori­
gin is identical to the centre of mass of the total Earth 
system including the oceans and the atmosphere. The 
scale of the ITRS is defined to be the SI meter (e.g., 
Petit and Luzum 2010).

The ITRS is realized by the positions of reference 
points w.r.t. this system. These reference points belong 
to the observing stations of the four geodetic space 
techniques: Very Long Baseline Interferometry (VLBI), 
Satellite Laser Ranging (SLR), the Global Navigation 
Satellite Systems (GNSS), and Doppler Orbitography 
and Radiopositioning Integrated by Satellite (DORIS). 
By applying conventional correction models (Petit and 
Luzum 2010) for geophysical effects like Earth tides, 
ocean tides, and tidal loading, the corresponding sta­
tion motions can be reduced (or regularized) to a long-
term linear motion with non-linear residuals. The 

realizations by IGN (e.g., ITRF2014; Altamimi et  al. 
2016) and DGFI-TUM (e.g., DTRF2014; Seitz et  al. 
2021) provide respective 3-dimensional position (at a 
specific reference epoch) and velocity vectors for each 
participating station, and hence represent secular ref­
erence frames. The realization by JPL (e.g., JTRF2014; 
Abbondanza et al. 2017), however, does not apply this 
parameterization but provides station position time-
series instead.

In this study, we focus on the secular reference 
frames. The analysis of station position time-series 
reveals remaining (unmodelled) non-linear effects, 
that are still a major limiting factor for the accu­
racy of long-term reference frames. Such non-linear 
motions are induced by technique-specific effects like, 
e.g., the gravitational deformation of VLBI antennas 
(Nothnagel et  al. 2019), or by geophysical effects that 
are not conventionally corrected for yet. One of the lat­
ter are non-tidal loading (NTL) effects: these are non-
linear, elastic deformations of the Earth’s crust, which 
are generated by the non-tidal redistribution of masses 
in the fluid components of the Earth system (e.g., Dar­
win 1882; van Dam and Wahr 1987; Schuh et al. 2003), 
i.e., the atmosphere, the oceans, and the continental 
water storage (hydrology). The corresponding defor­
mations result in instantaneous displacements of the 
reference points by up to a few cm. This clearly indi­
cates that the accuracy and stability requirements for 
TRFs—formulated by the Global Geodetic Observing 
System (GGOS) of the International Association of 
Geodesy (IAG)—at a level of 1 mm  and 0.1 mm/year, 
respectively, will not be achieved without studying an 
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improved handling of these non-linear station motions 
in their realizations.

The correction for NTL effects is hence expected to be 
beneficial, not least for the determination of the geodetic 
datum (origin, orientation, scale) of the reference frames. 
For the JTRF2014, the signals induced by NTL are natu­
rally included in the station position time-series. In the 
ITRF2014, NTL is not applied directly, but a part of the 
sum of all non-linear motions is taken into account by 
estimating and reducing annual and semi-annual signals 
from the station position time-series (Altamimi et  al. 
2016). In contrast to that, the DTRF2014 is the first ITRS 
realization that explicitly uses the displacements gener­
ated from geophysical NTL models (for the atmospheric 
and hydrological components, provided by the chair 
of the Global Geophysical Fluid Center, GGFC) to cor­
rect for the corresponding effects at the normal equa­
tion (NEQ) level (Seitz et  al. 2021). The phrase ”NEQ 
level” refers to the solution of the normal equation sys­
tem in the Gauss–Markov model (Koch 1999; Anger­
mann et al. 2004). Accounting for NTL by modifying the 
NEQs resembles a reduction of the original observations 
through daily, weekly, or session-wise mean displace­
ments. This procedure offers the possibility to subse­
quently take into account NTL corrections that were not 
made at the observation level of the input data (Glomsda 
et al. 2021).

As shown by Seitz et  al. (2021), the application of 
NTL reduces the root-mean-square (RMS) values of 
the estimated station positions, and it improves the lin­
ear motions for stations with short observation intervals 
(i.e., less than 2.5 years). Since NTL effects generally have 
a strong seasonal signal, the correction for the corre­
sponding displacements also reduces the amplitudes of 
the annual and semi-annual signals in the station posi­
tions and consequently in the time-series of the geo­
detic datum parameters used to realize the ITRF datum, 
namely the translation and scale time-series.

Therefore, NTL will again be corrected for in the 
upcoming ITRS realization by DGFI-TUM, the 
DTRF2020. The amount of available geophysical NTL 
models has increased in the meantime. Thus, even 
though there is a data set explicitly designed for the 
ITRS 2020 realization by the GGFC, we are in princi­
ple free to pick the model that copes best with our task, 
i.e., the correction of input data at NEQ level in a secu­
lar reference frame. In this study, we hence compare the 
GGFC contribution to the ITRS 2020 realization with 
the NTL data of the Earth System Modelling group at 
the Deutsches GeoForschungsZentrum (ESMGFZ). 
We consider the latter, because we already use this data 
for VLBI analyses (Glomsda et  al. 2020), and because it 
is available on a daily basis, which will enable a timely 

extrapolation of the DTRF2020. This means an improve­
ment w.r.t.  DTRF2014, as the respective site displace­
ments have only been available for epochs up to the year 
2015 back then, and extrapolation has to be realized by 
fitting trigonometric functions to the truncated displace­
ment series. Furthermore, since both data sets include all 
three NTL components, the DTRF2020 will now contain 
non-tidal oceanic loading next to the atmospheric and 
hydrological ones.

In the following, we introduce the two providers and 
the scope and format of their data. Afterwards, the site 
displacements induced by the corresponding NTL effects 
are compared. Since the influence of NTL on geocentre 
motion is of particular interest for the determination of 
the TRF origin, the subsequent section is devoted to this 
topic. Then, we compare the displacement series with the 
position residuals of GNSS stations. Finally, we assess the 
properties of the NTL data w.r.t. their applicability in sec­
ular reference frames.

Non‑tidal loading data
In this section, we describe the origin and format of 
the NTL data that we considered for application in the 
DTRF2020.

Global Geophysical Fluid Center
First, there is the GGFC contribution to the ITRS 2020 
realization (Boy 2021), which we will abbreviate with 
GCTI20 in the following. GGFC is a service of the IERS, 
which collects models describing the effects on Earth’s 
rotation, deformation, and gravity caused by the redis­
tribution of geophysical fluids. These are the fluids of the 
Earth’s interior, as well as air and water on the Earth’s sur­
face and in the near-Earth environment. While different 
(non-tidal) loading data sets are available at GGFC, we 
only considered GCTI20 (Petrov and Boy 2004; Mémin 
et  al. 2020) for this study. It includes displacements in 
local directions (North, East, up) of the different compo­
nents of NTL for all VLBI, SLR, GNSS, and DORIS sta­
tions that will be included in the ITRS 2020 realizations. 
The displacements have a temporal resolution of 1 hour 
and cover the period from January 1979 or 1980 to June 
2021 at the time of writing, but the series is prolongated 
every few months. Furthermore, they are available for 
both the centre of mass of the total Earth system (CM) 
frame and the centre of figure of the solid Earth (CF) 
frame (for details on these frames, see Blewitt 2003). 
For each frame, there are five consistently processed dis­
placement file sets:

•	 ERA5 IB (including or excluding air tides, starting in 
1979);
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•	 ERA5 TUGO-m (including or excluding air tides, 
starting in 1980);

•	 ERA5 hydro (starting in 1979).

ERA5 is the latest ECMWF (European Center for 
Medium-range Weather Forecasts; https://​www.​ecmwf.​
int/) reanalysis model considering atmospheric pressure, 
soil-moisture, and snow (Hersbach et  al. 2020). The air 
and water pressure anomalies (i.e., differences from long-
term mean pressures) implied by ERA5 are convolved 
with weighting Green’s functions to compute the corre­
sponding elastic displacements at any site of the Earth 
according to the classic approach described by Farrell 
(1972) and Petrov and Boy (2004).

ERA5 hydro represents the hydrological component 
of the NTL, while the other four represent the atmos­
pheric and oceanic components. However, one should 
only use either ERA5 IB or ERA5 TUGO-m, and each 
either with or without the air tides. IB is the abbreviation 
for the Inverted Barometer hypothesis, which assumes 
that atmospheric pressure changes �Pa above the oceans 
are offset by a change in sea level and hence ocean bot­
tom pressure �Pw (van Dam and Wahr 1987; Wunsch 
and Stammer 1997). The conservation of ocean mass for 
the IB is achieved by fulfilling Eq.  (5) in Petrov and Boy 
(2004),

with �P̄0 representing the mean atmospheric pressure 
over all oceans. With the ERA5 TUGO-m data, on the 
other hand, the oceans’ response to atmospheric pressure 
is extended by the Toulouse Unstructured Grid Ocean 
model, which is an update of the model of Carrère and 
Lyard (2003), according to Boy (2021). The latter is not 
a static but a hydrodynamic (barotropic) sea level model 

(1)�Pa + �Pw = �P̄0,

(Mémin et  al. 2020), and mass conservation is achieved 
with the help of the Boussinesq approximation, i.e., the 
density of the resting ocean is assumed to be constant in 
”the appropriate governing equations of motion repre­
senting conservation of [oceanic] mass, momentum, and 
density” (Wunsch and Stammer 1997,  p. 84). TUGO-m 
and IB will provide different results especially at high 
latitudes and in shallow seas (Carrère and Lyard 2003; 
Mémin et al. 2020). Finally, there is also an exchange of 
water between land and the oceans due to evaporation, 
precipitation, and river flow, for example, and hence 
ERA5 hydro is enhanced with a mass conservation 
component as well: uniform ocean layers are added or 
removed depending on the changes in the land water res­
ervoir (Boy 2021).

Since we are interested in models for the non-tidal 
effects, we picked the data sets excluding the air tides. A 
summary of the GCTI20 data is given in Table 1.

Earth System Modelling group in Potsdam
Another provider for NTL data—also listed at GGFC—is 
ESMGFZ (Deutsches GeoForschungsZentrum 2021). In 
general, ESMGFZ also generates site displacements fol­
lowing an (optimized) Green’s functions approach (Dill 
and Dobslaw 2013; Dill et al. 2018), but there are several 
differences w.r.t. GCTI20.

First of all, ESMGFZ applies different underlying 
numerical (weather) models for non-tidal atmospheric, 
oceanic, and hydrological loading, respectively:

•	 ECMWF reanalysis ERA-40 (Kållberg et  al. 2004), 
ERA-Interim (Berrisford et al. 2011), and operational 
ECMWF data (Hersbach et al. 2018);

•	 Max-Planck-Institute for Meteorology Ocean Model 
(MPIOM; Jungclaus et al. 2013);

Table 1  Summary of the non-tidal loading data sets compared in this study

GCTI20 ESMGFZ

Atmospheric model ECMWF ERA5 ECMWF ERA-40, ERA-interim, Operational ECMWF

Oceanic model TUGO-m MPIOM

Hydrological model ECMWF ERA5 LSDM

Mass conservation Included in single components Separated as sea level loading

Spatial resolution Selected sites Global 0.5◦ × 0.5
◦ grid

Temporal resolution 1 h 3 h (atmosphere, ocean), 24 hours (hydrology, sea level)

Data start epoch 1979/01/01 (ERA5 IB & hydro), 1980/01/01 (ERA5 TUGO-m) 1976/01/01

Update frequency Every few months Daily

Frames CM, CF CM, CF

Displacements North, East, up North, East, up

https://www.ecmwf.int/
https://www.ecmwf.int/
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•	 Hydrological Land Surface Discharge Model (LSDM; 
Dill 2008).

The local site displacements (North, East, up) of the 
three components are stored separately, but not for a 
predetermined bunch of stations, but on a 0.5◦ × 0.5◦ 
spatial grid, with temporal resolutions of 3 (atmosphere, 
ocean) or 24 hours (hydrology). However, ESMGFZ also 
provides a software for interpolating the displacements 
at any site on the Earth. For the global conservation of 
mass, ESMGFZ computes a fourth component, the sea 
level loading. It is generated from solving the sea level 
equation for the atmospheric mass of the ECMWF 
models and the terrestrial water storage of the LSDM. 
Summing up all four components hence leads to a con­
sistent, mass-conserving NTL data set. Like the hydro­
logical component, the sea level loading has a 24  h 
resolution.

small latency and high spatial resolution, instead of data 
designed for a particular (and maybe non-permanent) 
purpose. The big advantage of the ESMGFZ data is the 
availability of site displacements on a daily basis, which is 
not given for GCTI20.

Apart from these differences, the site displacements 
of ESMGFZ are also generated in both the CM- and 
the CF-frame. Table  1 contains a summary of the 
data.

Data preparation
CM‑frame
We downloaded the time-series of site displacements 
for GCTI20 (in the CM-frame, excluding air tides) for 
all VLBI, SLR, GNSS, and DORIS stations relevant for 
the ITRS 2020 realization. After reducing the resolution 
from 1 to 3 hours for each time-series, we chose the fol­
lowing categorization according to the common separa­
tion of NTL components:

As explained above, the IB describes the static effect of 
atmospheric pressure above the oceans, without taking 
other oceanic (or wind) dynamics into account. TUGO-m, 
on the other hand, is a hydrodynamic model and adds sea 
level variations that are not solely related to atmospheric 
pressure fluctuations. Hence, it seems reasonable to let the 
ERA5 IB data represent the non-tidal atmospheric loading, 
while the non-tidal oceanic loading effect is approximated 
by the differences between the site displacements for 
ERA5 TUGO-m and ERA5 IB. Mémin et al. (2020) point 
out that TUGO-m only represents a part of the NTOL, as 
it does not consider heat and freshwater fluxes like other, 
baroclinic, ocean models. However, they show that there is 
no significant improvement by using the baroclinic models 
rather than the barotropic TUGO-m for NTOL.

ESMGFZ directly provides the distinct NTL compo­
nents, so the separation into NTAL, NTOL, HYDL, and 
sea level loading (SLEL) is trivial. We downloaded the 
global grids of site displacements in the CM-frame for 
each component and interpolated the displacements at 
the same station sites as with GCTI20. Afterwards, the 
data referring to HYDL and SLEL were interpolated 
to the same 3  h epoch grid as the NTAL, NTOL, and 
GCTI20 data.

CF‑frame (and geocentre motion)
We did not download and prepare the complete CF-
frame data for neither GCTI20 nor ESMGFZ. Instead, we 
computed the geocentre motion referring to each NTL 

ERA5 IB → non-tidal atmospheric loading (NTAL)

(ERA5 TUGO-m) - (ERA5 IB) → non-tidal oceanic loading (NTOL)

ERA5 hydro → hydrological loading (HYDL).

A last important difference to GCTI20 is the fact that 
the ESMGFZ displacements have not been generated 
from a single reanalysis set of atmospheric forcing data 
over their complete history (Dobslaw and Dill 2018). Site 
displacements are available from January 1, 1976, but 
the ECMWF reanalysis ERA-Interim data only starts at 
January 1, 1979. Hence, before that epoch, the reanaly­
sis ERA-40 data were used. ERA-Interim itself is only 
available until August 31, 2019, so the ECMWF opera­
tional data have to be applied after this epoch at the lat­
est. Effectively, ESMGFZ uses the operational data for 
epochs after 2007.0 already. While the atmospheric sur­
face pressure is adjusted between the distinct products 
(Dobslaw 2016), other forcing variables like precipita­
tion and evaporation differ significantly between ERA-
40, ERA-Interim, and the operational data. The latter 
itself is subject to model updates, so the operational data 
contain contingent breaks in these variables as well. As a 
result, there are transition periods after each change in 
the ECMWF model, in which the dependent NTL prod­
ucts (all four components, compare Dobslaw and Dill 
2018) adapt themselves to the new forcing situation. This 
is particularly relevant for the hydrological loading (and 
hence ultimately for the sea level loading), as the LSDM 
heavily depends on the precipitation in the distinct 
ECMWF models (Robert Dill and Henryk Dobslaw, per­
sonal communication). The reason for not using unique 
reanalysis data in the first place is a different motivation: 
ESMGFZ wants to provide operational NTL data with a 
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component and provider, and used this information to 
recover the CF-frame displacements from the CM-frame 
displacements when needed.

Geocentre motion is the time-series of the vector from 
the centre of figure of the solid Earth, CF, to the centre 
of mass of the total Earth system including air and water, 
CM. Put differently, it is the time-series of the position of 
CM in the CF-frame, where CF = (0, 0, 0) . It is generated 
by the redistribution of mass in the total Earth system, 
and hence the redistribution of mass in connection with 
NTL effects contributes to geocentre motion (e.g., Dong 
et al. 2003). For example, the component gNTAL(t) of geo­
centre motion referring to non-tidal atmospheric loading 
at an epoch t is given by the difference between the cor­
responding site displacements δCFNTAL(t) and δCMNTAL(t) in 
the CF- and CM-frames, respectively:

In contrast to the original data, these site displacements 
(and geocentre motion) are now given in the xyz-coordi­
nate system of the ITRS, which means that they must be 
transferred from the local horizontal frame to the ITRS 
with rotation matrices Rs , which depend on the location 
of a particular site s.

Any site’s displacements can be chosen to compute the 
geocentre motion contribution, since CM and CF are the 
same for all sites at the same epoch t . We generated the 
distinct contributions for both GCTI20 and ESMGFZ by 
using the CM- and CF-displacements of a subset of 12 
globally distributed SLR stations. As expected, the con­
tributions were identical for each of the 12 stations, and 

(2)gNTAL(t) = δ
CF
NTAL(t) − δ

CM
NTAL(t).

the corresponding time-series will be shown in the next 
but one section. The CF-frame displacements for any site 
can now be computed from the respective CM-frame dis­
placements with Eq. (2).

Comparison of site displacements
Several studies (e.g., Roggenbuck et  al. 2015; Glomsda 
et  al. 2020) have compared NTL data by different pro­
viders. In general, the vertical displacements are larger 
than the horizontal ones for each NTL component by a 
factor of 2–5 and can reach peak-to-peak variations of 
10–30 mm. NTOL usually is the least relevant contribu­
tor, except for coastal areas. The models for NTAL mostly 
agree very well, while those for HYDL tend to show the 
largest discrepancies. Atmospheric pressure anomalies 
are rather strong at mid-latitudes and continental sites, 
while terrestrial water storage (i.e., hydrology) is most 
relevant near lakes, rivers, and the equator (e.g., Dill 
and Dobslaw 2013). Thus, there is a latitudinal depend­
ence in particular (compare, e.g., Gobron et al. 2021). All 
NTL components contain oscillations, and the ampli­
tude is generally largest for the annual signal, especially 
for HYDL. These general properties pretty much hold for 
the GCTI20 and ESMGFZ data, too. In the following, we 
will hence focus on their peculiarities and the difference 
between CM- and CF-frame.

Atmospheric loading
We defined the ERA5 IB data of GCTI20 to represent 
NTAL, and hence we compare the corresponding site 
displacements with those for NTAL by ESMGFZ. In 
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Fig. 1  Site displacements for non-tidal atmospheric loading (NTAL) in the CM-frame at the SLR station 1879 in Altay, Russia. Blue: ESMGFZ, red: 
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Figs.  1 and 2, as for basically all sites, we observe that 
the respective displacements agree very well between 
the two providers, for both the CM- and the CF-frame. 
This is not really surprising, since both GCTI20 and 
ESMGFZ use ECMWF data, and at least the atmospheric 
surface pressure in the distinct underlying ECMWF 
models with ESMGFZ has been adjusted to avoid jumps 
(compare above). The agreement further confirms that 
also ESMGFZ makes use of the IB hypothesis for NTAL 
(Dobslaw and Dill 2018). Displacements in the CF-frame 
are usually smaller than those in the CM-frame.

Oceanic and hydrological loading
The comparison of the non-tidal oceanic and hydrological 
components is less straightforward. Previously, we stated 
that ESMGFZ separates (at least a part of ) the mass con­
servation, i.e., the sea level variation due to atmospheric 
and hydrological fluctuations, into the SLEL compo­
nent. GCTI20, on the other hand, considers parts of the 
mass conservation in both the ERA5 TUGO-m and the 
ERA5 hydro data. Since we define the NTOL of GCTI20 
to be given by the differences in the site displacements 
for ERA5 TUGO-m and ERA5 IB, and since ERA5 IB is 
approximately equal to the NTAL of ESMGFZ, we must 
assume that the oceanic loading of GCTI20 contains a 
mass conservation part, while that of ESMGFZ does not. 
Furthermore, Mémin et  al. (2020) wrote that TUGO-m 
only partly includes NTOL. Hence, the NTOL compo­
nents of the two providers will presumably not match. 
The same holds for the two HYDL components, as the site 
displacements for ERA5 hydro in GCTI20 include their 
mass conservation part, while the conservation part from 

the hydrological mass loads has been transferred to the 
SLEL component in case of ESMGFZ.

In Fig. 3, we plotted the RMS values of the differences 
between the site displacements of GCTI20 and ESMGFZ 
for the distinct loading components in the CM-frame. 
Next to the single components NTAL, NTOL, HYDL, 
and SLEL, we also added the sum of all components 
per provider. The site displacements refer to the more 
than 1400 GNSS stations which will be considered in 
the DTRF2020, and the RMS values are ordered by the 
latitudinal position of their respective GNSS station. The 
values are actually smallest for NTAL (compare the pre­
vious subsection), with mean values of about 0.1 and 0.2 
mm for the horizontal and vertical directions, respec­
tively. As expected, the differences between the ESMGFZ 
and GCTI20 data increase for NTOL, with RMS values 
of about 0.7 and 1.1 mm on average. The RMS values 
for SLEL do not belong to a difference but directly to 
the time-series of corresponding site displacements by 
ESMGFZ, since there is no such component provided 
by GCTI20. Their mean values of about 0.6 and 1.0 mm 
are similar to those of the differences for NTOL. Finally, 
the RMS values of differences for a single component 
are largest for HYDL, a result which was also obtained 
in previous studies (compare the preliminary remarks 
of this section): the mean values are 2.3, 1.4, and 4.3 
mm for the North, East, and up directions, respectively. 
The corresponding discrepancy between GCTI20 and 
ESMGFZ is composed of two parts: (1) the model differ­
ences between ERA5 hydro and LSDM, and (2) an ocean 
mass conservation component which only prevails for 
GCTI20. Reflecting the proportions between the distinct 
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Fig. 2  Same as Fig. 1, but this time the site displacements refer to the CF-frame
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components, the RMS values for the combined loading 
are closest to those for HYDL.

The order by latitude in Fig. 3 reveals some spatial cor­
relation. For the North direction, the overall pattern of 
the differences between GCTI20 and ESMGFZ resem­
bles a kind of continuous curve, with its maximum val­
ues between 30◦ S and 30◦ N. While the effect is most 
pronounced for HYDL, this basically holds for all NTL 
components. For the East direction, there is hardly any 
latitude dependence, but for the up direction we can 
again observe a cluster of large RMS values, this time 
at about 45◦ N for HYDL, and about 60◦ S and 60◦ N for 
NTOL. The latter is in line with the study of Gobron et al. 
(2021), who take other measures but also recognize the 
strongest impact of non-tidal oceanic (and atmospheric) 
loading at high latitudes. That is to say, we might expect 
the differences between GCTI20 and ESMGFZ to be 
largest in those regions where a particular NTL compo­
nent is most relevant. For HYDL, these are the low lati­
tudes, which matches the pattern for the North direction 
at least.

Combined loading
Given the distinct treatment of mass conservation 
between GCTI20 and ESMGFZ, which is facilitated by 
the contrast of separated displacements in Fig.  3, it is 
(apart from NTAL with the IB hypothesis) only consist­
ent to compare the sum of all loading components per 
provider. Since we are not going to separate the single 
components in the context of the DTRF2020, this is not a 

concern at all. In Fig. 4, we plotted the RMS values of the 
differences in the combined site displacements between 
GCTI20 (NTAL + NTOL + HYDL) and ESMGFZ 
(NTAL + NTOL + HYDL + SLEL) for both the CM- and 
the CF-frame on world maps, which unveil the latitude 
dependence of Fig.  3 in more detail. We can confirm 
immediately that the RMS values are generally larger in 
the CM-frame (left column) and the up direction (bottom 
row). The largest RMS values for the up direction in both 
frames are observed in the USA, in Antarctica, and near 
the equator, especially in South America. This is in line 
with our statements in the previous subsections, claim­
ing that the largest discrepancies between GCTI20 and 
ESMGFZ stem from the hydrological models. The rain 
forest area is particularly sensitive to HYDL, and ERA5 
hydro (compare Fig. 3 in Boy 2021) assigns comparatively 
more hydrological loading to the USA than the  LSDM 
(compare Fig. 2 in Dill and Dobslaw 2013).

In Figs. 5 and 6, we show the time-series of combined 
site displacements for the GNSS station BRAZ in Bra­
silia, Brazil. First of all, we observe the usual pattern of 
the CM-frame displacements (Fig.  5) showing larger 
peak-to-peak variation than the CF-frame displace­
ments (Fig. 6). The new insight, however, is the presence 
of distinct drifts and base level offsets for the otherwise 
seasonal variations. These differ between the provid­
ers, between the directions, and between the frames that 
the displacements have been computed in. Such shifts in 
trends are critical when NTL is applied in the context of 
a secular reference frame, as they will be transferred to 
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Fig. 3  RMS values of the differences between the site displacements of GCTI20 and ESMGFZ in the CM-frame at GNSS stations, ordered by latitude. 
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Fig. 4  RMS values of the differences between the site displacements of GCTI20 and ESMGFZ for the combined loading (NTAL + NTOL + HYDL 
[+ SLEL]) at GNSS stations. Left column: CM-frame, right column: CF-frame. Top: North, middle: East, bottom: up (different scale compared to the 
horizontal components)
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Fig. 5  Site displacements for the combined loading (NTAL + NTOL + HYDL [+ SLEL]) in the CM-frame at the GNSS station BRAZ in Brasilia, Brazil. 
Blue: ESMGFZ, red: GCTI20. Please note the different scale for the up direction
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the estimated positions and velocities and thus affect the 
linear motions of the reference points. Hence, we need to 
investigate the long-term behaviour of the displacement 
time-series in more detail in the following.

Geocentre motion contribution
Geocentre motion is important for the realization of the 
origin of the ITRS. The latter is performed with SLR, 
since CM is the dynamical origin of satellite orbits. When 
applying NTL in the DTRF2020, the corresponding 
contribution to geocentre motion hence influences the 
realized origin. As a consequence, we must analyse the 
contributions in connection with the site displacements 
of GCTI20 and ESMGFZ.

Separate loading components
The geocentre motion contributions separated by NTL 
component are shown in Figs. 7 and 8. For the GCTI20 
data (Fig.  7), the motions connected with NTAL and 
NTOL basically vary around zero without any apparent 
drift. The seasonal signal is more pronounced for NTAL, 
especially for the y- and z-coordinates. NTOL, on the 
other hand, induces a larger contribution than NTAL 
for the x-coordinate. This might well be related to the 
diverse land distribution in the x- and y-directions of the 
TRF. The contribution by HYDL is the smallest for the 
x- and y-coordinates, and at the same level as NTOL for 
the z-coordinate. For all coordinates, however, the annual 
signal of HYDL’s contribution is clearly visible, as well as 

a drift which is quite constant over the whole period from 
1980 to 2021. Even though the regional redistribution of 
land water storage (LWS) is more diverse (e.g., Rodell 
et al. 2018), these drifts indicate that the global integra­
tion of LWS generates a quite stable systematic contribu­
tion of HYDL to geocentre motion in the GCTI20 model.

For ESMGFZ (Fig. 8), we observe an analogous behav­
iour for NTAL and NTOL. The contribution by HYDL, 
on the other hand, is significantly different. In particular 
for the x-coordinate, we can identify five major regimes. 
From 1976 until 1978, the time-series of the respective 
geocentre motion contribution attains strictly positive 
values without any significant drift. From 1979 to about 
1982, the time-series shows a strong negative drift. From 
1983 to about 2009, the negative drift is much smaller, 
but the time-series values are still mostly positive. Then, 
at the end of 2009, the values sharply decrease for about 
one year, before the contribution continues with a small 
drift and mostly negative values. A similar, but less pro­
nounced pattern is observed for the contribution by 
SLEL, which is separated for ESMGFZ only. The y- and 
z-coordinates also reveal changes in offset and drift, but 
these are less striking than for the x-coordinate. These 
regimes are most probably related to the transition 
periods between the distinct underlying ECMWF mod­
els, i.e., to the jumps in the corresponding forcing data 
(mainly precipitation and evaporation), which are driving 
HYDL and SLEL (compare above).

Combined loading
In Fig. 9, the combined geocentre motion contribution is 
presented for both GCTI20 and ESMGFZ. It is the sum 
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Fig. 6  Same as Fig. 5, but this time the site displacements refer to the CF-frame
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of the distinct NTL components’ contributions, and we 
can clearly see how the different regimes (trends) for the 
hydrological and sea level components of ESMGFZ are 
transferred into the combined contribution. The third 
geocentre motion contribution in Fig. 9 has been gener­
ated from the official SLR solution by the International 
Laser Ranging Service (ILRS; Pearlman et  al. 2019) for 
the ITRS 2020 realization (Pavlis et al. 2021). It covers the 
time period between 1983 and 2021 and includes up to 

four satellites (LAGEOS-1/2, Etalon-1/2), but LAGEOS-1 
is the only satellite that was observed before 1993. The 
contribution is obtained by the network shift approach 
(e.g., Dong et  al. 2003), i.e., by the time-series of trans­
lation parameters between the weekly (before 1993: 
15-daily) ILRS solutions (CM-frame) and the long-term 
reference frame that we computed from these solutions 
(mean CM-frame, i.e., approximately CF-frame). NTL 
has not been reduced in these solutions, so the resulting 

Fig. 7  Geocentre motion connected with the distinct non-tidal loading components of GCTI20. It is computed as the difference between the 
site displacements in the CF- and the CM-frame according to Eq. (2). The time-series for NTOL and HYDL have been shifted by 7  and 14 mm, 
respectively

Fig. 8  Same as Fig. 7, but this time the geocentre motion contributions refer to ESMGFZ. Hence, there is an additional component generated by 
the sea level loading (SLEL), which has been shifted by 21 mm
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geocentre motion includes NTL effects. However, it also 
includes other unmodelled geophysical or technique-
specific effects, like changes in the SLR observation net­
works (e.g., Collilieux et al. 2009; Riddell et al. 2017). As 
a consequence, the ILRS geocentre motion has a less 
regular pattern and reveals a larger variability, especially 
for the z-coordinate due to the inhomogeneous station 
distribution between the northern and southern hemi­
spheres. Before 1993, the variance is even larger for all 
coordinates, since only one satellite has been observed.

To get some numerical evidence for the long-term 
behaviour of the distinct geocentre motion contributions, 
we fitted linear trends to each time-series and listed the 
corresponding offsets (at 2000.0) and drifts in Table  2. 
Different start epochs were considered for the fitting 
intervals:

•	 1976.0, the start epoch for the ESMGFZ data;
•	 1980.0, the start epoch for the GCTI20 data;
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Fig. 9  Geocentre motion contributions as computed for the combined loading of both GCTI20 (NTAL + NTOL + HYDL, red) and ESMGFZ (NTAL + 
NTOL + HYDL + SLEL, blue). For comparison, also the geocentre motion estimated by SLR is shown (grey). The time-series for GCTI20 and SLR have 
been shifted by 10  and 20 mm, respectively

Table 2  Fitted trends (offsets at 2000.0 in [mm], and drifts in [mm/year]) for the geocenter motion as computed from ESMGFZ, 
GCTI20, and ILRS data (see text). In each case, the trends have been fitted from the corresponding time-series period listed in column 
”period”. Formal errors are given in parentheses

Provider Period x y z

Offset Drift Offset Drift Offset Drift

ESMGFZ 1976.0–2021.5 1.74 (0.01) – 0.23 (0.00) 0.83 (0.01) – 0.06 (0.00) 0.93 (0.01) – 0.01 (0.00)

1980.0–2021.5 1.27 (0.01) – 0.16 (0.00) 0.75 (0.01) – 0.04 (0.00) 0.91 (0.01) – 0.01 (0.00)

1993.0–2021.5 1.48 (0.01) – 0.17 (0.00) 0.63 (0.01) – 0.03 (0.00) 0.37 (0.02) 0.04 (0.00)

2000.0–2021.5 2.07 (0.02) – 0.22 (0.00) 1.31 (0.03) – 0.08 (0.00) – 1.37 (0.03) 0.17 (0.00)

2010.0–2021.5 – 3.20 (0.07) 0.09 (0.00) – 4.67 (0.08) 0.28 (0.01) – 3.94 (0.09) 0.33 (0.01)

GCTI20 1980.0–2021.2 – 0.49 (0.01) – 0.06 (0.00) 0.69 (0.01) 0.06 (0.00) – 1.65 (0.01) – 0.11 (0.00)

1993.0–2021.2 – 0.48 (0.01) – 0.06 (0.00) 0.62 (0.01) 0.06 (0.00) – 1.52 (0.01) – 0.12 (0.00)

2000.0–2021.2 – 0.57 (0.02) – 0.05 (0.00) 0.57 (0.02) 0.07 (0.00) – 1.97 (0.02) – 0.09 (0.00)

2010.0–2021.2 – 0.74 (0.05) – 0.04 (0.00) 1.70 (0.05) – 0.00 (0.00) – 1.88 (0.07) – 0.09 (0.00)

SLR 1993.0–2021.0 0.21 (0.12) – 0.00 (0.01) – 0.58 (0.11) 0.02 (0.01) – 0.38 (0.18) 0.06 (0.02)

2000.0–2021.0 0.38 (0.20) – 0.01 (0.02) – 0.65 (0.18) 0.02 (0.01) 0.83 (0.30) – 0.04 (0.02)

2010.0–2021.0 – 0.12 (0.63) 0.01 (0.04) – 1.21 (0.63) 0.06 (0.04) – 0.65 (1.05) 0.05 (0.07)



Page 13 of 22Glomsda et al. Earth, Planets and Space           (2022) 74:87 	

•	 1993.0, the start epoch for the multi-satellite ILRS 
data;

•	 2000.0, an intermediate epoch;
•	 2010.0, an apparent discontinuity in the ESMGFZ data.

We observe that the estimated offsets and drifts strongly 
deviate for ESMGFZ depending on the chosen time 
period, especially after the years 2000 and 2010. In con­
trast to that, the trends for the geocentre motion contri­
bution by the GCTI20 data are quite stable, only for the 
y-coordinate the drift flattens slightly starting in 2010. 
The geocentre motion estimated from the ILRS solution 
after 1993 is also rather stable and reveals no significant 
drifts. Only for the z-coordinate, which is the most vari­
able one as mentioned above, the offsets and drifts show 
a larger dependence on the time period.

Annual signals
When applying NTL in a secular reference frame, whose 
origin is realized with SLR, we long for a reduction of the 
signals in the corresponding geocentre motion. Hence, 
there shall be a good agreement of the amplitudes and 
phases of the contributions estimated from the NTL data 
by GCTI20 and ESMGFZ with those of the ILRS solu­
tion. To investigate this, we performed a spectrum analy­
sis of the combined geocentre motion contributions by 
Fast-Fourier transforms. For consistency, and for leav­
ing out the highly variable period of SLR translations, we 
only used the time-series starting at 1993.0 for GCTI20, 
ESMGFZ, and the ILRS solution. However, the spectrum 
did not change significantly when we considered the full 
time-series for GCTI20 and ESMGFZ.

The results indicate that the most important signal 
is the annual one (365.25 days) for all data sets and all 
directions, and the respective amplitudes and phases 
are listed in Table  3. For comparison, we also provide 
the parameters from the study by Wu et al. (2017), who 
determine geocentre motion by a combination of geo­
detic and GRACE (Gravity Recovery and Climate Experi­
ment) observations. Looking at the values at large, we 

observe that neither the GCTI20 nor the ESMGFZ data 
provide amplitudes and phases that match perfectly with 
those for the ILRS solution or the solution by Wu et al. 
(2017). However, considering that the latter two also 
contain effects other than NTL, the agreement is quite 
good for individual values (e.g., amplitude and phase 
of ESMGFZ and ILRS for the x-coordinate, or phase of 
GCTI20 and ILRS for the z-coordinate). The amplitudes 
for GCTI20 are always smaller than those for ESMGFZ, 
but we cannot conclude that one NTL data set will out­
perform the other w.r.t.  this spectrum analysis. Given 
the dominance of the annual signal for all four geocentre 
motion contributions, as well as the similarity of the cor­
responding phases for all three directions, we can never­
theless expect both the GCTI20 and the ESMGFZ data to 
significantly reduce this signal in geocentre motion.

Comparison with GNSS position residuals
Up to here, we have simply analysed the provided site 
displacements without any confirmation that they actu­
ally agree with the motion of geodetic reference points 
caused by NTL effects. In this section, we will hence 
compare the displacements with the (residual) positions 
of GNSS stations. The impact of NTL on the height of 
GNSS stations has been studied by various authors, see 
Tregoning and van Dam (2005) or Williams and Penna 
(2011), for example. Männel et  al. (2019) have even 
compared these heights with the site displacements of 
ESMGFZ for the hydrological and a combined (NTAL + 
NTOL + HYDL) loading.

Time‑series statistics
We consider the residuals of a 7  parameter Helmert 
transformation of daily GNSS station positions (in North, 
East, and up directions) w.r.t.  their linear positions in a 
combined multi-year GNSS solution. The daily posi­
tions have been taken from the 3rd IGS (International 
GNSS Service; Johnston et  al. 2017) reprocessing cam­
paign (repro3; http://​acc.​igs.​org/​repro3/​repro3.​html) and 
the multi-year solution already incorporates the same 

Table 3  Annual amplitudes (in [mm]) and phases (in [d] since January 1st) from a spectrum analysis of the coordinate-wise geocentre 
motions generated by the combined NTL of ESMGFZ and GCTI20, the ILRS solution, and the unified approach by Wu et al. (2017) (see 
their Table 1). The corresponding time-series periods are listed in the column ”period”. Formal errors are given in parentheses

Provider Period x y z

Amplitude Phase Amplitude Phase Amplitude Phase

ESMGFZ 1993.0–2021.5 2.70 (0.01) 48.6 (0.01) 3.21 (0.00) 321.1 (0.20) 3.11 (0.02) 44.5 (0.01)

GCTI20 1993.0–2021.2 1.60 (0.01) 23.4 (0.15) 2.12 (0.00) 349.9 (0.20) 2.15 (0.01) 22.1 (0.13)

ILRS 1993.0–2021.0 2.66 (0.15) 46.8 (0.07) 2.53 (0.02) 309.2 (2.73) 3.81 (0.23) 24.8 (1.19)

Wu et al. (2017) 2002.2–2009.0 1.3 (0.1) 46 (4) 3.0 (0.1) 330 (2) 3.3 (0.2) 26 (3)

http://acc.igs.org/repro3/repro3.html
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time-series discontinuities as those that will be applied 
for the DTRF2020 (we use our own list based on a man­
ual inspection of the time-series). The positions have 
not been corrected for any NTL, so the corresponding 
non-linear signals should still be contained in the resid­
ual time-series. Furthermore, the residuals refer to the 
CF-frame, since no information regarding the geocentre 
motion (by SLR) has been provided to the GNSS solu­
tions yet. Hence, we can only use the site displacements 
of the CF-frame for comparison.

In Fig.  10, we plotted the position residuals together 
with the site displacements of GCTI20 and ESMGFZ 
for the GNSS station SALU in Sao Luis, Brazil. The dis­
placements refer to the sum of all NTL components 
(NTAL + NTOL + HYDL [+ SLEL]) in the CF-frame. 
In this example, the match between the residuals and the 
site displacements is quite good, a fact which cannot be 
generalized, unfortunately. In particular, the agreement 
is often rather bad for the horizontal directions. How­
ever, the vertical site displacements conform well with 
the position residuals for many GNSS stations, and the 
overall impression is that the seasonal amplitudes of the 
ESMGFZ data match better.

To get the general picture, we computed the correla­
tions between the GNSS position residuals and the site 
displacements (again for the combined NTL), as well as 
the RMS values of the differences between them, i.e., of 
the residuals corrected for the site displacements. For 
reliability, we only used those DTRF2020 stations whose 
residual time-series fulfils two conditions: (1) it has a 
length of at least 2.5 years, and (2) there are at least 250 

epochs on average per year. Altogether, 1273 stations pass 
this filter. Furthermore, we computed the averages of the 
site displacements within ±0.5 days of the epochs of the 
residuals (like Mémin et al. 2020), instead of comparing 
with the snapshot displacement of each epoch only.

In the top row of Fig.  11, we plotted the histograms 
of the correlations for both providers. For all direc­
tions, most of the correlations are positive, indicating a 
generally common movement of position residuals and 
site displacements. Negative correlations mainly exist 
for the horizontal directions (especially for East), and 
there seems to be a regional cluster in Europe. The cor­
relation values for the horizontal directions are rather 
small in general, with medians of about 0.24 and 0.26 
for ESMGFZ and GCTI20, respectively. For the vertical 
direction, the correlations are significantly larger, with 
medians of about 0.46 for ESMGFZ and 0.50 for GCTI20. 
Hence, the histograms and the median values indicate 
slightly larger correlations for the GCTI20 data. Männel 
et al. (2019) have computed similar correlations between 
their combined ESMGFZ site displacements and the 
7  day moving average of their GNSS time-series. While 
a moving average reduces some noise, we keep the origi­
nal time-series, as we will apply daily site displacements 
to daily GNSS normal equations in the DTRF2020. A test 
calculation showed that the impact on the correlations is 
not significant, anyway.

In the bottom row of Fig. 11, we show the histograms 
of the differences

(3)�RMS = RMSESMGFZ − RMSGCTI20
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Fig. 10  Position residuals (grey) and combined (NTAL + NTOL + HYDL [+ SLEL]) non-tidal loading site displacements from the CF-frame provided 
by GCTI20 (red) and ESMGFZ (blue) for the GNSS station SALU in Sao Luis, Brazil. Please note the different scale for the up direction
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per GNSS station and local direction, where RMSp refers 
to the RMS value of the differences between a station’s 
position residuals and the combined (average) site dis­
placements of provider p . For the horizontal directions, 
the absolute values of �RMS are rather small, and the 
median is about 0.011 mm. Hence, it does not make a sig­
nificant difference whether the horizontal position resid­
uals are corrected with the site displacements of GCTI20 
or those of ESMGFZ. For the vertical direction, however, 
the median is about 0.113 mm, indicating a slightly better 
fit of the GCTI20 data again.

Seasonal signals
The previous subsection left us with the apparent con­
tradiction that the (CF-frame) site displacements of 
ESMGFZ better match the corresponding GNSS position 
residuals visually, while the correlations and RMS values 
suggest a marginally better statistical match for GCTI20. 
To investigate this in more detail, we fitted the following 
trigonometric function to the displacement time-series 
for the combined loading of each GNSS station and 
provider:

(4)

h(t) = o + d · t + A1 · cos ([t − φ1]/T · 2π)

+ A2 · cos ([t − φ2]/T · 4π),

with o being an offset, d a drift, A1 and φ1 the annual 
amplitude and phase, and A2 and φ2 the semi-annual 
amplitude and phase, respectively. t is the epoch in days 
since 2000.0, and T = 365.25 is the number of days per 
cycle, i.e., in one year.

As can be expected, the estimated offsets and drifts already 
differ between GCTI20 and ESMGFZ (not shown here). 
However, the interpretation of these differences is beyond 
the scope of this paper. At this point, we are more interested 
in the agreement of the seasonal signals between the dis­
placements and the GNSS position residuals. Hence, we also 
fitted h(t) to the time-series of these residuals. Although it 
is widely accepted that GNSS time-series contain temporally 
variable, i.e., coloured noise (e.g., Zhang et al. 1997; Gobron 
et al. 2021), we do not apply a sophisticated noise model in 
the functional fits, amongst others because corresponding 
information is missing for the displacement time-series, and 
because it will most likely not change the final results of our 
comparisons. To obtain the most reliable fits, however, we 
again restricted ourselves to the 1273 time-series of the pre­
vious subsection. In the end, we also dropped those GNSS 
stations with a formal error greater than 5 days for the esti­
mated annual phase in vertical direction.

In Fig. 12, we plotted the differences between the esti­
mated annual signals for the vertical directions of the 
remaining 1041 GNSS stations on world maps. In the left 
column, we compare the annual amplitudes. The mean 
amplitudes for the vertical displacements of GCTI20 and 

Fig. 11  Top row: histograms of the correlations between GNSS position residuals and the corresponding (24 h average) site displacements for the 
combined (NTAL + NTOL + HYDL [+ SLEL]) non-tidal loading by either GCTI20 or ESMGFZ. Bottom row: histograms of the differences �RMS in Eq. 
(3). Left column: North, middle column: East, right column: up (different scale for �RMS)
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ESMGFZ are 2.4 and 3.2 mm for this GNSS station sub­
set, respectively, and most of them differ from the fitted 
amplitudes for the height residuals (mean value: 3.5 mm) 
by less than 5 mm. For the largest part of the Earth, in 
particular Europe, Latin America, East Asia, and Aus­
tralia, the amplitudes for GCTI20 and ESMGFZ agree 
very well. The most striking area of disagreement, how­
ever, is the Northern part of South America (including 
the Amazon basin), where HYDL is very strong. Here, 
the amplitudes partly differ by more than 10 mm, and 
while the fitted values for ESMGFZ are generally larger 
than those for the GNSS height residuals, the fitted val­
ues for GCTI20 are generally smaller.

In the right column of Fig. 12, the differences between 
the fitted annual phases are shown. In contrast to the 
annual amplitudes, they agree particularly well between 
GCTI20 and ESMGFZ in South America, and differ 
most in East Asia and at Hawaii. The disagreement with 
the fitted phases for the GNSS height residuals is larg­
est in Europe and the USA, with a lead of about 50 to 
150 days. For about 6% of these stations, the absolute 
phase lag is actually greater than 100 days. For about 
76% of the GNSS stations, the absolute phase lag is 
smaller than 50 days for both GCTI20 and ESMGFZ, 
while the fraction of stations with an absolute phase lag 

of less than 30 days is about 11% larger for the GCTI20 
data. Männel et al. (2019) have analysed the connection 
between GNSS station heights and the ESMGFZ site 
displacements for HYDL in the Amazon basin, and they 
also report small phase lags in this region. This might 
serve as a confirmation, since we can assume that the 
hydrological loading is the main component of the total 
one here.

In this context, we observed an interesting pattern 
when plotting the fitted annual phases for the GCTI20 
and ESMGFZ displacements against each other. For 
each GNSS station, the fitted phase for the ESMGFZ 
displacements is shown on the x-axes of Fig. 13, while 
the corresponding fitted phase for the GCTI20 dis­
placements is shown on the y-axes. The majority of 
the respective plotted dots curls around the line of 
identity for both frames, CM (blue) and CF (red), con­
firming the similarity of fitted phases for GCTI20 and 
ESMGFZ. Beyond that, there is a systematic behaviour, 
e.g., for the East direction: if the phase of the ESMGFZ 
displacements for a particular GNSS station is between 
about 30 and 120 days (or between about 210 and 300 
days), then the phase of the corresponding GCTI20 
displacements is generally smaller. On the other hand, 
if this phase is between about 120 and 210 days (or 

Fig. 12  Differences between the fitted annual amplitudes A1 (left column) and annual phases φ1 (right column) of Eq. (4) for the vertical 
displacements of the combined loading (NTAL + NTOL + HYDL [+ SLEL]) of ESMGFZ and GCTI20 in the CF-frame, and for the corresponding GNSS 
stations’ height residuals. Top row: ESMGFZ minus GNSS, middle row: GCTI20 minus GNSS, bottom row: ESMGFZ minus GCTI20
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between about 300 and 30 days), then the respective 
phase for GCTI20 is generally larger. The curve of dots 
looks sinusoidal, even though the pattern is less pro­
nounced for the North and up directions. The reason 
for this property probably lies in the peculiarities of 
the distinct models used by the two providers and is 
beyond the scope of this paper.

To summarize, discrepancies between the GNSS height 
residuals and the NTL site displacements arise from both 
annual phase lags and differences in the annual ampli­
tude. For both GCTI20 and ESMGFZ, one or the other 
effect is relevant in different regions of the Earth, in par­
ticular South America (amplitudes), Europe, and the 
USA (both: phase lags). In general, the fitted amplitudes 
for the site displacements of GCTI20 are slightly smaller, 
so the negative effect—in terms of RMSESMGFZ and 
RMSGCTI20 from Eq. (3)—of a phase lag w.r.t.  the GNSS 
height residuals is less significant, too. The better statisti­
cal match for GCTI20 might be a result of this. However, 
based on these findings, we cannot conclude that one 
data set is significantly more accurate for the correction 
of NTL (in GNSS position time-series).

Assessment w.r.t. the DTRF computation
The main intention of this study is to evaluate the two 
chosen NTL data sets in terms of their applicability in 
DGFI-TUM’s realization of the ITRS 2020. Besides, it 
should provide guidance for the decision process of pick­
ing any NTL data set for the realization of a secular ref­
erence frame. Having described and analysed the data 
of GCTI20 and ESMGFZ, we will now explain our final 
choice for the DTRF2020.

Application at the normal equation level
The application of NTAL and HYDL in our previous ITRS 
realization, DTRF2014, is explained by Seitz et al. (2021). 
For the DTRF2020, it will basically be the same. The 

original input data from the International VLBI Service 
for Geodesy and Astrometry (IVS; Nothnagel et al. 2017), 
the ILRS, the IGS, and the International DORIS Service 
(IDS; Willis et al. 2010) for the geodetic space techniques 
have not been corrected for NTL at the observation level. 
Hence, we can only correct the input data afterwards at 
the NEQ level of the weighted least-squares estimation 
process that we use for the DTRF. (For a detailed descrip­
tion and comparison of the application levels for any site 
displacements see Glomsda et  al. 2021.) This is not an 
issue, as we are combining the geodetic observations at 
the NEQ level, anyway. Furthermore, we ensure consist­
ency by applying the same model for all techniques.

To ease the explanation, we provide a few formulas. 
The DTRF2020 will be a secular reference frame, which 
means that we are estimating linear motions. For each 
station (reference point) i , these are represented by an 
offset vector pi at some reference epoch t0 and a constant 
velocity vector vi , which provide a station position si at 
epoch t by:

The correction vectors �pi , �vi to some a priori vectors 
p0i  , v

0
i  for all stations i are gathered in the vector �x (con­

taining also corrections to other geodetic and auxiliary 
parameters) and obtained by solving the normal equation 
system (Koch 1999)

with normal matrix N  , normal matrix of datum-condi­
tions ND , and right-hand-side y . The right-hand-side 
of datum-conditions yD is equal to 0 , since we are using 
minimum conditions. For the DTRF2020, the final nor­
mal matrix (right-hand-side) will contain the sum of 
many single normal matrices N j (right-hand-sides yj ) 

(5)
si(t) = si(t0) + (t − t0) ṡi =: pi + (t − t0) vi.

(6)(N + ND) �x = y + yD = y,

Fig. 13  Fitted annual (ann.) phases in days for the combined (NTAL + NTOL + HYDL + [SLEL]) site displacements of ESMGFZ (x-axes) versus those 
of GCTI20 (y-axes). Blue dots refer to the CM-frame displacements, and red dots represent the CF-frame displacements
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which refer to individual VLBI, SLR, GNSS, and DORIS 
observation intervals j.

Correcting for NTL at the NEQ level means applying 
the corresponding (xyz-coordinate) site displacements

for all stations i = 1, . . . , n in the following way:

Hence, the right-hand-side for each observation inter­
val j is reduced by the product of the interval’s normal 
matrix and the vector of site displacements for this inter­
val. δj contains three non-zero values for each station, i.e., 
one site displacement for each coordinate of their instan­
taneous positions, which must be a single representa­
tive value of the displacements given for the respective 
observation interval. For VLBI, SLR, GNSS, and DORIS, 
the relevant observation intervals are (mostly) 24 hours, 
1 week or 15 days, 1 day, and 1 week, respectively, and 
for the DTRF2020 we will apply average values of the cor­
responding site displacements. The original resolution of 
the NTL data by GCTI20 is 1 hour, of those by ESMGFZ 
it is 3 hours (NTAL, NTOL) or 1 day (HYDL, SLEL). As a 
consequence, both sets can provide at least one value for 
each technique’s observation intervals, and no bridging 
of gaps is necessary in either case.

Centre of mass vs. centre of figure
The choice of (NTL) site displacements in the CM- or the 
CF-frame depends on the scope of application. If station 
positions are given in a CF-frame, and NTL is corrected 
at the solution level, the site displacements must be taken 
from the CF-frame as well. If NTL is corrected at the 
observation level or the NEQ level in VLBI analysis, the 
frame is irrelevant. This is because the site displacements 
at the two stations forming a baseline are subtracted 
from each other, and the geocentre motion is cancelled 
from the CM-frame displacements, leaving the same dif­
ference as for the CF-frame displacements (e.g., Eriksson 
and MacMillan 2014; Glomsda et  al. 2021). Regarding 
GNSS, Männel et al. (2019) use CF-frame displacements 
for precise point positioning (PPP) solutions with fixed 
orbits, and CM-frame displacements for network solu­
tions where the orbits are estimated.

CM is the dynamical origin of satellite orbits, hence 
the satellite techniques SLR, GNSS, and DORIS are basi­
cally able to realize this geocentre. The dedicated SLR 
satellites are spherical and best suited for determining 
CM: their cross-section is not attitude dependent, and 
so they are less affected by non-gravitational forces. The 

(7)
δj = (δj1x , δj1y , δj1z , . . . , δjnx , δjny , δjnz , 0, . . . , 0)

(8)yNTLj = yj − N j δj .

non-spherical GNSS and DORIS satellites, on the other 
hand, are more sensitive to their actual cross-sections 
and the non-gravitational forces. Due to aliasing effects, 
the latter distort the geocentre estimates of GNSS and 
DORIS solutions (e.g., Bloßfeld et al. 2016). For this rea­
son, Helmert parameters are introduced to restore the 
degrees of freedom w.r.t. the origin for GNSS and DORIS. 
When applying NTL in a secular reference frame, the 
choice of CM- or CF-frame displacements is thus irrel­
evant for GNSS, DORIS, and VLBI (compare above). For 
SLR, however, the CM-frame displacements are the only 
option. Furthermore, CM is the origin of the ITRS, and 
it is just realized by assuming zero translation w.r.t.  the 
origin of an SLR solution in the ITRS realizations of both 
IGN (Altamimi et al. 2016) and DGFI-TUM (Angermann 
et al. 2004; Seitz et al. 2021). As a consequence, and for 
consistency, we will use CM-frame displacements for all 
four techniques in the computation of the DTRF2020. 
Both GCTI20 and ESMGFZ provide these displacements, 
so either choice of data set is still possible.

Model uncertainties
From the comparison of the NTL data sets, we learned 
that the agreement of (in particular) the atmospheric 
and (to a certain extent) the oceanic components is 
quite good. However, there are significant discrepan­
cies for the hydrological component, and the total NTL 
displacements do not perfectly match the GNSS posi­
tion residuals for neither of the two sets. Hence, we 
must accept for the time being that there is a model 
uncertainty with respect to the application of NTL 
effects, especially since there are many other geophysi­
cal models and providers of NTL data. A measure of 
this uncertainty could be the RMS values of the differ­
ences between the corresponding site displacements 
as given in Figs. 3 and 4. Keeping this in mind for the 
computation of the DTRF2020, we are convinced that 
the correction for NTL with either of our two data sets 
will still be beneficial.

Trends in the displacement series
While the NTL data of GCTI20 and ESMGFZ have been 
deemed to be equivalent for the application in a secular 
reference frame up to here, we will now explain the rea­
son to favour one over the other.

The modification of the right-hand-sides when apply­
ing NTL at the NEQ level, Eq.  (8), is derived from the 
following approximation of the vector f NTLj  of theoreti­
cal geodetic observations including the effect of NTL 
(Glomsda et al. 2021):
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fj is the vector of theoretical observations in interval j 
without considering NTL, and Aj is the matrix of partial 
derivatives of the functional model f  w.r.t. the estimated 
parameters in �x . The site displacements in δj are hence 
implicitly added to the a priori station positions in inter­
val j , and the corresponding impact of NTL on the theo­
retical observations in fj is approximated by the product 
Aj δj . In a secular reference frame, the instantaneous 
station positions from the observation intervals j are 
turned into long-term linear motions as given in Eq. (5). 
The application of δj to the a priori values according to 
Eqs. (8) and (9) changes the instantaneous position esti­
mates. In particular, offsets and drifts in the time-series 
of site displacements are transferred to the instantaneous 
positions and will ultimately affect the estimated station 
offsets pi and velocities vi.

Trends in the displacement series are either geo­
physically driven or artefacts which can be attributed to 
(updates in) the background models. As long as these 
trends are stable over the entire observation period of 
each station, both cases can be handled well when com­
puting secular reference frames: the individual offsets 
and drifts are removed from each displacement time-
series, and the correction for NTL is performed with 
the detrended series. If the trends are real geophysical 
phenomena confirmed by the geodetic observations, 
the reduced offsets and drifts will be reflected in the 
estimated station positions and velocities of the secular 
frame. Thus, all linear motions are finally contained in 
the latter and not hidden in the NTL corrections. If the 
trends are artefacts only, which are not supported by the 
observations of the geodetic techniques, their reduction 
from the NTL time-series probably results in unaffected 
estimated positions and velocities, however.

In contrast, if the trend in a displacement series is not 
constant over time but changes repeatedly during the 
observation period of the respective station, the single 
estimated position and velocity of that station will be sig­
nificantly distorted. To cope with this situation, there are, 
in our view, two possibilities. First, one could introduce 
new station position and velocity parameters whenever 
the trend in the displacement series changes significantly. 
This option would contradict the nature of a secular ref­
erence frame but facilitates both cases, geophysical and 
artefact trends, if the corresponding offsets and drifts 
are again removed from the displacement series between 
each two discontinuities. The alternative, assuming that 
trend changes are geophysically caused, is to apply the 
original displacement series (including all trend changes 
over the entire observation period of a station) as a cor­
rection. However, the estimated station positions and 

(9)f NTLj ≈ fj + Aj δj .
velocities would then only reflect one part of the linear 
movement, namely the joint long-term one, while all 
trend variations are included in the NTL corrections. 
This means that a user would have to re-add the site dis­
placements to the station coordinates to get the actual 
station motion.

Revisiting the available NTL data in this respect, the 
current ESMGFZ data are not suitable for the application 
in DTRF2020. As we have seen in our analyses, their dis­
placement time-series contain various changes in offset 
and drift over the period from 1976 to 2021 (in particu­
lar) in the CM-framework. If these were driven by actual 
geophysical effects, we would have to decide between 
introducing station position discontinuities or leaving the 
trends in the NTL corrections. However, these changes 
simply are the result of transitions between the various 
underlying atmospheric forcing models. Hence, apply­
ing the original ESMGFZ displacements as a whole is not 
an option, since this would distort the estimated station 
positions and velocities. On the other hand, the intro­
duction of additional position and velocity parameters 
per station for such non-geophysical effects seems to be 
unjustified and possibly harmful in the context of a secu­
lar reference frame.

GCTI20, on the contrary, was processed from consist­
ent underlying models between 1980 and 2021. The cor­
responding time-series of site displacements do not show 
any significant intermediate changes in their trends, sug­
gesting that there are not even geophysically induced 
ones. It follows that single offsets and drifts can be 
removed from the displacement series which are—after 
the application of the detrended NTL corrections—prop­
erly reflected in the estimated long-term linear motion of 
each station in the DTRF2020. The purpose of a secular 
TRF thus has been satisfactorily realized.

Geocentre motion
The behaviour of the geocentre motion contributions 
shown in Fig.  9 is intrinsically tied to that of the indi­
vidual displacement time-series. For basically the same 
reason as given in the previous subsection, the GCTI20 
data also has to be preferred over the ESMGFZ data 
when considering the realization of the DTRF2020 ori­
gin with NTL: there are changes in the trend of the geo­
centre motion contribution for ESMGFZ that are neither 
geophysically justified nor compatible with the contribu­
tion as inferred from the ILRS solution. Instead, they are 
introduced by the transitions in the underlying atmos­
pheric forcing models and would likely distort the geo­
centre motion estimated in the DTRF2020. In contrast 
to that, the trends in geocentre motion as implied by 
the GCTI20 data are quite stable over the complete time 
interval (compare Table 2).
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Processing of NTL corrections
Following the above assessment, we will apply the CM-
frame site displacements of GCTI20 in the DTRF2020. 
The displacements will be handled in the following way: 
for each station, the time-series for each NTL component 
is cut down to the corresponding observation interval. 
Each such truncated series is detrended, and the respec­
tive offsets and drifts are stored for the final DTRF2020 
release. The residual time-series are used to compute 
15-daily, weekly, or daily averages for each NTL compo­
nent, which will be part of the release as well. Finally, the 
sum of all components’ averages is computed for each 
relevant observation interval, and each corresponding 
input normal equation is corrected for NTL by this sum. 
As a consequence, the trends in the original displacement 
series will be reflected by the estimated station positions 
and velocities of the DTRF2020. After all, this is the ulti­
mate purpose of a secular reference frame: the total linear 
station motions have to be represented by the (estimated) 
station velocities.

Since the GCTI20 data will be prolongated every few 
months, the station positions of DTRF2020 can be extrap­
olated to future epochs with the aforementioned approach 
on a regular basis. Together with the separation of trends 
and the inclusion of NTOL, this is the main difference 
compared to the preceding DTRF2014 (w.r.t. NTL).

Conclusions
We have compared two non-tidal loading (NTL) data 
sets: that of the Global Geophysical Fluid Center (GGFC) 
directly devoted to the ITRS realization 2020 (GCTI20), 
and the operational one of the Earth System Model­
ling group of the Deutsches GeoForschungsZentrum 
(ESMGFZ). With both sets, it is possible to obtain site 
displacements due to non-tidal atmospheric, oceanic, 
and hydrological loading for all relevant VLBI, SLR, 
GNSS, and DORIS stations. Although the data are split 
into different components, both sets are mass conserv­
ing if the sum of all components is considered. The main 
discrepancy between the data stems from the underly­
ing hydrological models, but it was not our intention to 
identify the best data in terms of geophysical modelling 
in this study.

Instead, we analysed which data set is the better choice 
for usage in DGFI-TUM’s upcoming ITRS realization, the 
DTRF2020. Like the DTRF2014, the new realization will 
be a secular reference frame, which consists of linear sta­
tion motions represented by offsets at a specific reference 
epoch and a constant velocity. Again, we will correct for 
NTL at the normal equation level (this time including 
the non-tidal oceanic loading), which is the same level 
that we use for the combination of the different geodetic 
space observations.

While we could not distinguish the applicability of the 
GCTI20 and ESMGFZ data in terms of resolution or the 
replicability of instantaneous station positions, we finally 
decided to use the GCTI20 data because of its lack of 
non-geophysical structure in the corresponding displace­
ment time-series and geocentre motion. For GCTI20, 
the series generally contain a single trend only, whereas 
many displacement series and the geocentre motion for 
ESMGFZ reveal time-dependent offsets and drifts. The 
latter would distort the estimated station positions and 
velocities, as well as the realization of the origin of the 
DTRF2020, as these changes in trends do not reflect real 
geophysical phenomena, but are induced by updates in 
the underlying atmospheric forcing models. The result­
ing time-series of site displacements contain transition 
periods which cannot be brought into agreement with a 
secular reference frame. However, this does not impair 
the appropriateness of the operational ESMGFZ data for 
other applications.

If, in future ITRS realizations, geophysically caused 
trend changes are present in the (then) available NTL 
displacement time-series, the fundamental question of 
whether discontinuities should be introduced or whether 
the trend changes should remain in the NTL corrections 
must be discussed.
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