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Abstract
Temporal variations of the M2 tidal parameters in gravity are observed at all superconducting gravimeter stations. We
specifically investigate the annual variation of M2 tidal parameters. A similar variation is observed for the parameters from
sea surface heights which is larger than expected from astronomical forcing alone. This leads to the hypothesis that the
variations of the gravimetric tidal parameters are caused by the loading of the annual variation of M2 in the oceans. Only
nonlinear, time-stepping ocean models are able to describe such variations. We use sea surface heights from three global and
two regional models of this kind to calculate the loading. The loading time series is then added to synthetic body tides and
analyzed by a moving window tidal analysis with ETERNA in the same way as the measured data. We compare the resulting
variations of the M2 tidal parameters for synthetic gravity with those observed from measurements. Three of the five ocean
models show an annual variation of a similar order of magnitude which supports our hypothesis. The other two ocean models
produce smaller or no clear annual variation of the M2 tidal parameters. In the ocean the annual variation of M2 has large
amplitudes in shelf areas and small amplitudes in the open ocean. Large areas with small amplitude might contribute to the
gravity loading as much as small areas with large amplitudes do. We investigate this with the global Hycommodel at three SG
stations. The investigation shows that not only close shelf areas but also distant ocean regions, including open ocean areas,
contribute significantly to the annual variation of the M2 tidal parameters at the superconducting gravimeter stations.

Keywords Tidal analysis · Earth tides · Ocean tides · Ocean models · Time variable gravimetry und superconducting
gravimetry
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1 Introduction

Tides are constantly probing the Earth. Measurements of
Earth’s response to tides enables understanding of Earth’s
internal structure and in theory its changes with time. The
large-scale properties of the solid Earth which are crucial for
its response to tides in gravity are assumed to change slowly
(on geological time scales), whereas ocean and atmospheric
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tides exhibit quicker variations. Because the propagation of
tidal waves in these parts of the Earth system depends on
boundary conditions that are governed by seasons and cli-
mate, tides in the atmosphere and oceans vary on these time
scales. In the context of tidal analysis of gravity data mea-
sured by superconducting gravimeters (SG), the different
parts of the Earth system are coupled by loading effects.
Thus, any variation in oceanic and atmospheric tides can lead
to apparent temporal variations of the solid Earth response.
These complex interrelations have to be thoroughly under-
stood if tides are used as an ever-present test signal which
may, for example, be applied to search for temporal changes
of the deformability of the crust at continental margins (e.
g. Westerhaus 1997) or to characterize aquifers with tilt and
strain tides. A prominent example for temporal variations is
the apparent annual periodicity of the solid Earth’s response
to the principal semidiurnal lunar constituent M2. Modern
SGs produce data of unprecedented accuracy and precision
such that observed variations are significant with respect to
the standard deviation of tidal parameters as obtained from
data residuals. Such variations are demonstrated by Meurers
(2004); Meurers et al. (2016); Jahr (2015); Schroth (2013)
and Schroth et al. (2018). Instrumental causes like a chang-
ing calibration factor of the SG were discussed in previous
studies and ruled out (e. g. Meurers et al. 2016; Schroth et al.
2018). Given that changes of the admittance of Earth’s body
to tidal forces within a few months are unlikely, we must
search for alternative explanations of this phenomenon. We
hypothesize that annual changes of the loading due to corre-
sponding variations of the M2 amplitude in the ocean cause
the observed annual variation of the M2 parameters of tidal
gravity (hereafter referred to as AVM2).

1.1 Previous studies

The annual variation of the M2 tide in the sea surface height
(hereafter referred to as AVM2ssh to be distinguished from
the corresponding AVM2 for gravity data; sea surface height
referred to as SSH) was already observed in the 1930s by
Corkan (1934) in tide gauge data. These observations were
corroborated in subsequent years for different places onEarth
(e. g. Foreman et al. 1995). Huess and Andersen (2001)
observed an AVM2ssh in satellite altimeter data from the
North Sea. The effects causing the AVM2ssh were for exam-
ple studied by Kang et al. (2002). They suggest a seasonally
varying stratification to be the cause for the variation. Müller
(2012) and Müller et al. (2014) extended the investigations
to a global scale and identified a temporally varying loss
of energy to turbulent processes and friction as the driv-
ing mechanism. This energy loss acts on the barotropic tidal
transport and finally influences amplitude and phase of the
corresponding tide.Müller et al. (2014) showed that an ocean
model with barotropic and baroclinic tides and climatologic

atmospheric forcing, exhibits AVM2ssh of several centime-
ters in shelf areas, similar to variations observed with tide
gauges and altimeters.
The loading, as we define the term for this study, is the com-
bined effect of the deformation of the Earth’s crust by the
ocean masses and their Newtonian attraction on tilt or grav-
ity measurements at an inland station. The influence of an
AVM2ssh in the oceans on tiltmeters in Great Britain was
studied by Baker and Alcock (1983). They observed a cor-
responding periodicity in analysis results of tide gauge data
and tilt measurements. A similar observation was made for
the comparison of tidal parameters obtained for SG data and
tide gauge data in Ny-Alesund by Sato et al. (2006).Merriam
(1995) found significant contributions in the residuals of a
tidal analysis (based on the response method) of data from
the SG in Cantley at frequencies at which nonlinear tides are
reported in the Bay of Fundy, including an AVM2 signal.

1.2 Objectives of the study

Correcting tidal parameters from the time-invariant ocean
loading with the help of ocean tidemodels based on altimeter
data is a standard procedure in tidal research. These models
are computed in the frequency domain and are constant with
time. They do not contain an AVM2ssh signal. Nevertheless
this kind of ocean model describes the time-invariant com-
ponent of the ocean tides relatively well. The novelty of the
present study is that nonlinear, time-stepping ocean models
calculating barotropic and baroclinic tides under tidal and
atmospheric forcing are used to quantify time variable grav-
ity loading at SG stations within the continents. We assess
how far a validated ocean model can generate variations in
the M2 tidal parameters and determine the regions of the
global oceans that significantly contribute to the AVM2.

2 Approach andmethods

2.1 Approach

As mentioned in Sect. 1.2, corrections of tidal parameters
for the time-invariant loading are commonly used in investi-
gations of gravity tides. Baker and Bos (2003) compare the
performance of different such models. Other than the time-
invariant models, the time-stepping models cannot yet be
considered to predict the real oceans precisely enough for
a correction of gravity tides. They were developed to study
ocean physics rather than to deliver operational forecasts of
water levels (see Sect. 4).
We, therefore, calculate a loading time series from the non-
linear, time-stepping ocean models’ output and add it to a
synthetic body tides gravity signal. In a tidal analysis (see
Sect. 2.2) of data sets longer than approx. 1 year an annual
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variation ofM2 can be described by the estimation of the tidal
parameters of the satellite constituents α2 and β2 (see Sect.
5.1). Analyses like this were shown for example by Meurers
et al. (2016). Although some years of data are available from
the ocean models we decided to study the effect with moving
window tidal analysis (MWA, see Sect. 2.2). TheAVM2ssh is
driven by meteorology. Therefore, it does not behave strictly
periodically and appears with different amplitudes from year
to year. This can be well observed in the time-dependent tidal
parameters from MWA, in contrast to residuals from a tidal
analysis.
After carrying out a MWA on the combined signal, the
time-dependent tidal parameters are compared to the results
obtained from measured gravity data with the same method.
We call this approach ’synthetic data MWA’, in the fol-
lowing. Our approach has the advantage that the source
of the observed variations can be clearly identified: The
ETERNA earth tide analysis and prediction package (Wen-
zel 1996) provides predictions of gravity tides for given tidal
parameters at the specified location and time based on tidal
potential catalogues as well as analyses of tidal data by the
Least-squares adjustment method. Both parts, prediction and
analysis, are consistent. If the synthetic body tides are ana-
lyzed with the same settings (e.g., wave grouping, see Sect.
2.2) as used for their prediction, the gravimetric factor and
phase fromMWA are constant (Schroth 2013). Variations of
the tidal parameters obtained with synthetic data MWA can
therefore only be caused by theAVM2ssh loading time series.
We then analyze parameter time series of modeled and mea-
sured data and scrutinize potential similarities with respect to
our hypothesis that theAVM2ssh is the source of the observed
variations of theM2 tidal parameters. However, asmentioned
above, we do not expect a one by one matching of model and
observation results. Therefore, we focus on a visual compar-
ison of magnitudes and character (the period and the order of
magnitude) of the parameter variations and evaluate the plau-
sibility of the postulated causal relationship between annual
variations of M2 gravimetric factor and phase from SG-data
in a heuristic manner.

2.2 Tidal analysis andmoving window analysis

To investigate the temporal variation of time-variable tidal
parameters, we use the technique of moving window anal-
yses. In a moving window tidal analysis, the entire time
series is subdivided into segments of 90 days length, which
appear at intervals of 2 days and overlap by 88 days. The
tidal analysis results for all segments yield a time series for
each tidal parameter. We use a modified version of the soft-
ware ETERNA 3.4 (program analyze, Wenzel et al. 2022),
which determines amplitudes and phases of tidal constituents
by fitting the body tide model to the measured data in a
least-squares-approach. The wave groups for which the tidal

parameters are estimated are given in Table 4 in Appendix
E. A model for an elliptical, uniformly rotating Earth with
liquid inner core and viscous mantle (Wahr-Dehant-Zschau
model, Dehant 1987) is used as reference. We implemented
a free core nutation (FCN) period of 431.39 sidereal days
(Dehant et al. 1999) to replace the outdated resonance model
of the original ETERNA version. The analysis results are
a gravimetric factor, i.e., the ratio of the observed and the
forcing amplitude of a tidal constituent, as well as the corre-
sponding phase lead. The resulting tidal parameters for each
segment are plotted over the centroid time of the correspond-
ing window. A band-pass FIR-filter from 1 cpd to 5 cpd was
applied to data and analysis model. The analysis uses a Han-
ning taper and includes local air pressure as an additional
regressor. Wave groups are assembled as recommended by
Wenzel (1997a) (see alsoSchroth et al. 2018,Table 5) for time
series of less than six months. Wave groups Q1 and higher
(frequency > approx. 0.5 cpd) are used. A comprehensive
description of the analysis approach as well as an extensive
catalogue of gravimetric factor and phase variations for 19
European and global SG stations is given by Schroth et al.
(2018).
In all subsequent figures displaying temporal behavior, the
standard deviations for the tidal parameters as estimated by
ETERNA 3.4 are indicated by the thickness of the measured
parameter curves. Please note that formal errors of the least-
squares-adjustment, often interpreted as standard deviations,
are in general too optimistic and not a proper measure of the
tidal parameter’s precision (Wenzel 1997a, b). In the case of
synthetic dataMWAstandard deviations are just ameasure of
the similarity between synthetic tidal gravity with and with-
out loading. Synthetic data does not contain statistical noise.
To enhance comparability of the temporal variations, the
mean value representing the time-invariant part of the tidal
parameters is subtracted from all MWA results. These signal
components are discussed exemplarily for the Black Forest
Observatory (BFO) in Appendix D. They give an impression
of how well the ocean model predicts the time-invariant M2
amplitude.

2.3 Ocean loading

Our approach of synthetic data MWA as described in Sect.
2.1 requires the calculation of the gravity loading l(t) from
the oceanmodels’ output. This is expressed by the commonly
used integral

l(t) = ρ

∫∫
oceans

G(|�r − �r ′|) h(t, �r ′) dA (1)

which was introduced by Farrell (1972). The water density
ρ = 1031 kgm−3 is assumed to be constant. The height h is
given by the SSH values from the oceanmodels and the areas
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around the model grid points dA are approximated as rectan-
gles on a spherical surfacewith side length of half the distance
to the neighboring grid points in the latitude and longitude
directions.G(|�r−�r ′|) is the Green’s function for the distance
(|�r−�r ′|).We used the values of Green’s function provided by
Na and Baek (2011). As the Green’s functions are required
for specific distances, the given values were interpolated by
piecewise cubic Hermite interpolating polynomials (PCHIP,
as implemented inMATLAB). Tests showed that the interpo-
lation results are more accurate when the Green’s functions
are first normalized by the distance d = |�r − �r ′|.
All calculations were done with MATLAB.1 To reduce com-
putation time, we neglect the altitude of the gravimeter
stations and the coast lines that may intersect grid cells of
the ocean model. The coast line is taken as defined by the
ocean models which distinguish between on-shore and off-
shore grid cells.We also do not interpolate over the grid cell’s
extent. In order to ensure that this is of insignificant influence
for theAVM2,we compared our simplified approachwith the
software package ’Some Programs for Ocean Tide Loading’
(SPOTL, Agnew 2012)for example stations (see Sect. B in
the Appendix). The variations of the tidal parameters do not
differ significantly.

3 Gravity data

We use data recorded by globally distributed supercon-
ducting gravimeters (SG). The selected stations are shown
in Fig. 1. Most of the data were downloaded from the
International Geodynamics and Earth Tide Service (IGETS)
database.2 Preprocessed hourly data (Voigt et al. 2016, level 2
products) are used. For BFO, the IGETS data set was com-
plemented by additional data obtained from the local data
archive. The data set fromOnsala was provided by the station
operators (H.-G. Scherneck, pers. comm.). For dual-sphere
instruments (marked with an asterisk in Table 1) the data
from the lower sensor are used, because this is better shielded
against magnetic disturbances (Zürn et al. 2008).
The synthetic body tides are calculated with predict (Wenzel
1996). Using exactly the same wave groups for calculating
synthetic body tides as in the analysis, it is assured that no
variations of the tidal analysis parameters are caused by the
synthetic body tides (see Sect. 2.1). The values δ = 1.16 and
ϕ = 0◦ are assumed for most of the wave groups in the com-
putation of synthetic gravity time series. Only for K1, δ is
set to 1.13 and for M3M6, δ is set to 1.06 (see Table 4 in the
Appendix for definition of wave groups). These values are
close to the theoretical tidal parameters calculated based on

1 MATLAB Releases 2014 to 2018a, The MathWorks, Inc., Natick,
Massachusetts, United States.
2 https://isdc.gfz-potsdam.de/igets-data-base/(10.07.2019)

Table 1 SG data sets. Name and abbreviation of the station and length
of the data set. Dual-sphere instruments are marked with an asterisk.
Data in the specified time intervals usually contain gaps. The number
and size of gaps are individual for each station

Station Length

BF: Black Forest Observatory∗, Germany 2009–2016

CA: Cantley, Canada 1997–2013

CB: Canberra, Australia 1997–2015

MB: Membach, Belgium 1997–2011

MO: Moxa∗, Germany 2000–2014

OS: Onsala, Sweden 2009–2018

SU: Sutherland∗, South Africa 2000–2014

TC: TIGO Concepción, Chile 2003–2014

Earthmodels obtained from seismology (Dehant et al. 1999).
We do not use the exact numbers because these values are
just easier to handle. The small difference between the the-
oretical values and the number used here is not relevant for
the interpretation of our results because we subtract the mean
values at any rate.

4 Oceanmodels

We use results from the real-time ocean forecast system
(ARTOFS, Mehra and Rivin 2010), the Stormtide model
(Müller et al. 2014), the ocean model for circulation and
tides (OMCT, Thomas et al. 2001; Dobslaw et al. 2013), the
HYbrid Coordinate Ocean model (HGT, Arbic et al. 2010,
2012) and the North Sea model (Gräwe et al. 2015) for the
computation of loading. All of them contain barotropic and
baroclinic tides, have an astronomical tidal forcing (except
for the North Sea model) as well as an atmospheric forcing.
They differ with respect to spatial extent, spatial resolution,
implementedphenomena andboundary conditions.Concern-
ing tidal forcing, two different representations for tidal forc-
ing are applied: Stormtide and OMCT use the ephemerides
of the celestial bodies to calculate the forcing, developed for
degree 2, while ARTOFS and HGT use a finite number of
tidal harmonics.Model data is available for limited time inter-
vals only, not necessarily matching the intervals of gravity
observations. In case of OMCT, the data sets were specifi-
cally calculated for this study. For the North Sea model, from
which a very long data set is available, a suitable period based
on the availability of measured SG data was chosen. The fol-
lowing sections discuss the properties of the different models
as far as they appear of concern for the current investigation.
Table 2 summarizes them in a direct comparison.
All models take the influence of sea ice into account but use
different approaches (Müller et al. 2012; Arbic et al. 2012;
Thomas et al. 2001; Dobslaw et al. 2013; Gräwe et al. 2019).
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Fig. 1 Locations of the SG stations used in this study. Left: globally
distributed stations, CA:Cantley, Canada; CB:Canberra, Australia; SU:
Sutherland, South Africa; TC: TIGO Concepción. Right: European sta-

tions, BF: Black Forest Observatory (BFO), Germany; MB: Membach,
Belgium; MO: Moxa, Germany; OS: Onsala, Sweden

Table 2 Properties of the oceanmodels, with ws: wind stress; wv: wind
speed; p: pressure; h: heat flux; fw: fresh water flux; T: temperature;
pr: precipitation; ev: evaporation; rf: radiation flux; hu: humidity; cc:
cloud coverage; (c): climatologic, SSH: sea surface height; OBP: ocean
bottom pressure.∗: 21 isopycnal, 5 z-level.; ∗∗: different model versions

available, please see Sect. 4.3 for details; ∗∗∗: resolution is different in
latitude and longitude direction; usage of additional data: measured or
climatologically expected data are used (nudged or assimilated) in the
ocean model calculation

ARTOFS Stormtide OMCT HGT North Sea

Period 2010–2017 1954–1956 2010–2012 ∗∗ 2006–2010 2009–2013

Region North Atlantic Global Global Global North Sea

Spatial 0.03◦−0.1◦ 0.06◦ 1.0◦/1.875◦ ∗∗ 0.03◦ 0.0333◦

Resolution 0.1◦ ∗∗∗ 0.08◦ ∗∗∗ 0.0556◦ ∗∗∗

Temporal res 1h 1h 2h/3h 1h 1h

Vertical layers 26∗ 40 20/13 32 42

Tidal forcing 8 lines Ephemerides Ephemerides 8 lines –

Meteo ws, wv, p ws, wv ws, p ws, wv, p ws, p

Forcing fw, pr, hu pr, hu fw pr, ev fw, pr, hu

T, rf rf, T, h(c) T T, h T, cc

Output SSH SSH SSH, OBP SSH (total, nonsteric) SSH

Usage of add. data Yes Yes Yes No No

4.1 The Stormtidemodel

Stormtide is a global model that was explicitly set up for
the investigation of the AVM2ssh by Müller (2012) and
Müller et al. (2014). The tidal forcing is described by the
tidal potential of second degree as derived from ephemerides.
Themeteorological forcing is climatologic whichmeans that
values for quantities used in the forcing follow the long-term
average annual cycle. This differs from the other ocean mod-
els where re-analyses of meteorological observations for the

specific time interval are used formeteorological forcing.The
model uses additional data sets for the sea surface tempera-
ture and salinity (Steele et al. 2001). Stormtide time series
cover the time span 1954–1956.

4.2 The HYCOM global tides model (HGT)

The HGT model is described by Shriver et al. (2012), Arbic
et al. (2010) andArbic et al. (2012) andwas for example used
for the investigation of internal tides. In comparison to the
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other global models it has the highest horizontal resolution
but fewer vertical layers than Stormtide. Grid points exist
at intervals of 0.03◦ in latitude and 0.08◦ in longitude. Grid
intervals vary slightly over the globe. The model is driven
by the eight diurnal and semidiurnal harmonics (Q1, O1, P1,
K1, N2, M2, S2, K2) of largest amplitude.
Time series for nonsteric and total SSH are provided as a
result of the computation. Steric effects are caused by ther-
mal expansion or contraction. The change of volume, which
causes changes in the SSH, is due to a corresponding change
in density. The mass which is essential for the loading does
not change due to steric effects and nonsteric SSH would be
therefore the appropriate parameter to use for our study.How-
ever, no significant differences between the results obtained
with non-steric and total SSH (see Sect. B in the Appendix)
are observed. As the total SSH is the output of the other
models, we show results from total SSH of HGT too.

4.3 The Oceanmodel for circulation and tides
(OMCT)

OMCT for a long time was used as an ocean dealiasing prod-
uct for GRACE (Gravity RecoveryAndClimate Experiment,
Tapley et al. 2004), and is now used for studies of tidal elec-
tromagnetic signals in the oceans (e. g. Saynisch-Wagner
et al. 2020). Compared to the other models, the model has the
lowest spatial resolution. Two versions exist with an average
resolution of 1.875◦ (Thomas et al. 2001) and 1.0◦ (Dobslaw
et al. 2013), respectively.We use total SSH and ocean bottom
pressure (OBP) time series as provided with samples every
3h for the 1.875◦ and every 2h for the 1◦ resolution. We
linearly interpolated the OMCT time series to obtain hourly
samples. A function provided by the Climate Data Operators
(CDO)3 (Schulzweida 2018) was used for this purpose.
The OBP results from the weight of the water column which
includes SSH and also accounts for density variations. We
tested both outputs of OMCT and discuss differences in
Sect. B in the Appendix. Differences appear insignificant,
which indicates a minor contribution by steric effects. As the
other models provide SSH values only, we also use the SSH
values for OMCT.
The effect of an ice drag implementation and the influence
of nudging strength were investigated. The model runs used
for these comparisons are listed in Table 3.
Changes were made regarding the ice drag, because Müller
et al. (2014) pointed out that this might be a reason for the
variability of theM2 amplitude in Arctic regions. In the orig-
inal OMCT version the water could transfer momentum to
the ice, but not the other way around. The formulas given by
Müller et al. (2014, eq. 7) were used.With the strong nudging
(tenfold larger than the weak nudging) the model was forced

3 https://code.mpimet.mpg.de/projects/cdo/ (05.07.2019)

Table 3 Properties of the different OMCT data sets. The first column
gives the property that was changed, the 2. and 3. column the length of
the data set for the two versions of OMCT

Property 1.875◦, 3h 1.0◦, 2h
length length

Original 2010–2013 2010–2013

Ice drag 2010–2015 2010–2012

Strong nudging 2010–2013 –

Weak nudging 2010–2013 –

to follow the expected, climatologic values for the sea sur-
face salinity from the World Ocean Atlas,4 while in case of
weak nudging the model could develop more independently.

4.4 Atlantic real-time ocean forecast system
(ARTOFS)

ARTOFS (Mehra and Rivin 2010) was developed for pro-
viding precise information for e. g. ship navigation at the
North American coast. It is a regional model which covers
the North Atlantic from approximately 25◦S to 72◦N and
from 98◦W to 16◦E. The spatial resolution varies over the
grid. The resolution is highest in the Gulf of Mexico and
lowest at the African coast. In the North Sea the grid interval
is about 9km which is similar to the resolution of Stormtide
(see Table 2).
ARTOFS is a close relative to the HGT model (see Sect. 4.2)
but, in contrast, nudges measured data for sea surface tem-
perature from radiometers and satellites, sea surface height
via sea level anomalies from altimeter data and temperature
and salinity profiles fromARGOfloaters. Of all the available
models it is the one that incorporates themostmeasurements.
Tidal forcing is described by the eight major diurnal and
semidiurnal harmonics (Q1, O1, P1, K1, N2, M2, S2, K2).
At the open boundaries it is driven by corresponding har-
monics from the TPXO6 model (Egbert and Erofeeva 2002).
Hourly SSHvalues are used for the calculation of ocean load-
ing. The data were downloaded from http://data.nodc.noaa.
gov/opendap/ncep/rtofs/ in spring 2015. Unfortunately, this
website is no longer available.

4.5 North Seamodel

The North Sea model (Gräwe et al. 2015) is a local model
with a high spatial resolution which was used for the inves-
tigation of the variability of M2 and M4 and its influence on
sediment transport (Gräwe et al. 2014). It is restricted to the
North Sea between about 5◦W and 13◦E and between about
48◦N and 61◦N. It has the highest spatial resolution of all

4 https://www.nodc.noaa.gov/OC5/indprod.html (04.07.2019)
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the ocean models used here (approx. 1 nautical mile, which
equals 0.033◦ to 0.056◦, depending on latitude). Astronom-
ical forcing is omitted in this regional model of the North
Sea since the tidal patterns are predominantly influenced by
tides entering through boundary areas, such as the English
Channel. Consequently, tidal forces at the open boundaries

are determined and applied based on the Oregon State Uni-
versity (OSU) tidal data inversion model, as described by
(Egbert et al. 2010). The harmonics which were used are the
largest diurnal and semidiurnal tides (Q1, O1, P1, K1, N2,
M2, S1, K1), the quarter-diurnal M4 and the nonlinear tides
MS4 and MN4. The output is given as hourly fields of SSH.

5 Results

We investigate the behavior of these time-stepping ocean
models in three respects. Although these models contain sig-
nals of several wave groups, we always focus on the M2
signal. In the first analysis in Sect. 5.1 ‘Spatial distribution
of AVM2ssh amplitude’ we compare the global distribution
of the amplitude of annual variation of the M2 admittance.
Then we use the SSH of the models, compute the expected
gravity loading signal at selected SG stations and run aMWA
for the AVM2 as would be expected in gravity tidal analysis
in Sect. 5.2 ‘Synthetic data MWA for the ocean models’ (see
Sect. 2.1) . Finally, in Sect. 5.3 ‘Contributions from different
ocean areas’, we investigate the ocean areas which predom-
inantly contribute to the AVM2 predicted by the different
models.

5.1 Spatial distribution of AVM2ssh amplitude

We follow the approach by Müller et al. (2014) to compute
the amplitude of AVM2ssh at each grid point of the models.
From tidal analysis of the SSH time series we obtain the tidal
amplitude in meters and the Greenwich phase lag. In contrast
to the phase lead estimated in the solid Earth tidal analysis
(local phase), the Greenwich phase lag is not estimated rel-
ative to the local potential but to the potential at Greenwich.
The harmonic analysis is carried out with the ’Tidal Heights
Analysis and Prediction’ program (Foreman 2004; Foreman
and Henry 1989) using 146 harmonics of which 45 are main
harmonics of astronomical origin and 101 are shallow water
harmonics. TheM2 tide and its annual variation are captured
by the M2 constituent and its neighbors α2 and β2, which
appear at a distance to M2 of � f = 1

1year in frequency.

Superimposing the harmonics α2, β2 and M2 results in an
annual modulation of the M2 amplitude and phase. Like
Huess and Andersen (2001) and Müller et al. (2014) we
use the following approximation for the amplitude of the
AVM2ssh (see Appendix 2 in the paper by Müller et al.
(2014) for details):

Av ≈
√
A2

α2 + A2
β2 + 2Aα2Aβ2 cos((−φβ2 + φM2 + �φASβ) − (φα2 − φM2 + �φASα)) (2)

where Av is the amplitude of the annual variation with fre-
quency ωv = 2π year−1. φM2 is the Greenwich phase and
ωM2 is the angular frequency of M2. �φASα and �φASβ are
the differences between the astronomical arguments of M2
and α2 or β2, respectively, which are needed for the correct
reference to the Greenwich phase. Aα2, Aβ2, and φα2, φβ2

are the amplitudes and phases for the harmonics estimated
from the SSH values at a given grid point.
The results for Av for all models used in the current study
are shown in Fig. 2. For Stormtide they were taken from the
paper byMüller et al. (2014). For OMCT the model run with
the changed ice drag on a 1◦ grid is used (see Sect. 4.3). As
the different data sets (see Sect. 4.3) show only very small
differences in the results of the synthetic MWA of gravity
data, we choose this data set as a representative example (see
Sect. 5.2.2). The results of the harmonic analyses of the other
OMCT models are very similar.
For all five models, amplitudes of the AVM2ssh in the
expected order of magnitude (several centimeters in certain
shelf areas, Müller et al. 2014) are observed. The ampli-
tude of the AVM2ssh is, in general, similarly distributed. The
AVM2ssh from ARTOFS and HGT have higher amplitudes
in the North Atlantic than the AVM2ssh from Stormtide.
The amplitudes for the OMCT model are distributed in a
slightly different way, when compared with the Stormtide
model. In some regions, for example the Russian coast, the
amplitudes of the AVM2ssh are much smaller compared to
the amplitudes in this region for Stormtide (few millime-
ters instead of several centimeters). The North Sea model
shows an AVM2ssh amplitude comparable to the ARTOFS
and HGT model and is closest to the distribution of high
AVM2ssh amplitudes of Stormtide in the North Sea (see
Fig. 8 in Appendix B). Although all five ocean models show
an AVM2ssh in the expected order of magnitude the follow-
ing investigations with synthetic data MWA have to show
if it results in an annual variation of the gravimetric tidal
parameters.
The time-invariant part of theM2 amplitude is represented by
the amplitude and phase for the M2 constituent (results not
shown here). We chose the HAMTIDEmodel (Taguchi et al.
2014) as representative for a well-established time-invariant
ocean model and compare the amplitudes and phases of M2.
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Fig. 2 Amplitudes of the annual variation of the M2 amplitude in
millimeters for ARTOFS (top left), North Sea model (bottom left),
Stormtide (top right), the OMCT model (center right, model run with
changed ice drag), andHGT (bottom right). In a highly localized region,

the maximum amplitude can attain approximately 30cm. To enhance
the visibility of smaller amplitude patterns along other coastlines and
in the open ocean, the color scale is truncated at a maximum of 20mm
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Small differences between amplitudes and phases from the
models used in this study from HAMTIDE in values and
their distribution are observed (see Appendix D or sections
8.1. and 8.2.6.2 and Fig. E2-E7 given by Schroth (2019) for
details). Hence the time-invariant M2 is described realisti-
cally also by the time-stepping ocean models, though not in
a perfectly accurate manner (Shriver et al. 2014).

5.2 Synthetic data MWA for the oceanmodels

5.2.1 Comparison of the synthetic data MWA results for the
oceanmodels

In this section the AVM2 obtained from synthetic data MWA
(see Sect. 2.1) with ARTOFS, Stormtide, OMCT, and HGT
loading are compared. The results for the North Sea model
are discussed separately. For the comparison in Fig. 3 the
inferred time series of tidal parameters are band-pass filtered
with a lower corner frequency of 0.001cpd and a higher
corner frequency of 2

year ≈ 0.0055cpd (see Sect. C in the
Appendix for details). The tidal parameters obtained for
Moxa are shown as an example. Results from other stations
are available in Figs. 9 and 10 in Appendix E. To give an
overview Table 5 in Appendix E lists the amplitudes of the
variations shown in the above mentioned Figures. They were
calculated as the mean of the half peak-to-peak amplitude
of each annual period. Nevertheless this values should be
regarded with caution as they are only a very rough estimate.
The AVM2 does not only vary with annual period, it also
contains other periods (e. g. approx. semiannual) and as it is
driven by meteorology, it does not behave strictly periodic.
The amplitude of the variation can differ significantly from
year to year.

Figure 3 shows that loadinggeneratedbyARTOFS,Stormtide
and HGT in an AVM2 that would be measurable by mod-
ern SG instruments. The order of magnitude of the variation
is between 10−4 and 10−3 for the gravimetric factor and
for phase it is 0.01◦ to 0.1◦ and matches the order of mag-
nitude of variation in the analysis of measured gravity. The
latter depends on the station (Schroth et al. 2018). The ampli-
tude of variation of gravimetric factor obtained with loading
fromHGT at Moxa exceeds the amplitude of variation in the
analysis of measured gravity by a factor of approximately 4.
The extrema in the results from HGT and ARTOFS occur
close (in time) to those in the measured data for both tidal
parameters. The shape of the curves achieved with Stormtide
cannot be compared directly to the results from measure-
ments because SSH data is only available for the 1950s. For
OMCT no annual variations of noticeable order ofmagnitude
occur at Moxa.

5.2.2 Comparison of OMCT results with different properties

The AVM2 from synthetic data MWA with OMCT are an
order of magnitude smaller than the variations obtained with
measured data. Therefore, we investigate if different model
properties have a significant effect on the AVM2 (see Sect.
4.3). The results for BFO are presented as an example in
Fig. 4. Results for other stations are given by Schroth (2019).
Filtering is not necessary here because OMCT does not pro-
duce artifacts (see Appendix C) and we do not compare it to
other models in this section.
There is no significant difference between the nudging ver-
sions and the original OMCT version. This is also observed
for other stations (Schroth 2019). The largest difference
occurs between the tidal parameters from the 1.875◦ and

Fig. 3 Left: Tidal parameters of wave group M2 at Moxa obtained
frommeasurements (black) and synthetic data calculatedwithARTOFS
(magenta), OMCT (yellow), HGT (blue) Right: Tidal parameters of

wave group M2 at Moxa obtained from synthetic data calculated
with Stormtide (dark-red), band-pass filtered between 0.001cpd and
0.0055cpd (see Sect. C in the Appendix
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Fig. 4 Variations of the tidal
parameters of the M2 wave
group obtained with the OMCT
data sets for the station BFO.
The results from the
measurements are shown in
black. The pink curve was
obtained with the SSH data set
of 1.875◦ resolution. The light
orange curve was estimated
from the synthetic data
calculated from the 1◦ version,
and the cyan curve from the
version with improved ice drag.
The light green curve results
from the high nudging and the
dark green curve results from
the low nudging data set. The
upper panel shows the variation
of the gravimetric factor, and the
lower panel shows the variation
of the phase in degree
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the 1◦ version, but the AVM2 is still small compared to the
AVM2 observed from measurements. There is also a small
difference between the phases obtained with the version with
changed ice drag and the original 1◦ version. However, this
difference is about three times smaller than in the case of the
different model resolution. Very small differences also occur
for the gravimetric factors obtained with these two data sets.
The variation is slightly stronger in the 1◦ version, suggest-
ing that the model resolution is relevant. These results show
that the tested properties (ice drag, nudging) do not affect
the results significantly, if the model resolution is not high
enough. This is also the case for stations close to artic regions
where sea ice has probably more influence. The vertical res-
olution has to be high enough to resolve the processes that
cause the annual variations. The 20 vertical layers in the 1◦
version probably cover the related effects better than the 13
layers in the 1.875◦ version. The relevance of the model res-
olution was already mentioned by others (e. g. Müller et al.
2014). However, this investigation is an additional indication
that the model resolution is a dominating property. A more
realistic description of other effects is of almost no influence,
if the resolution is not high enough. A study of the influence
of other properties should be repeated when there is a model
version available with higher spatial resolution.

5.2.3 Results for the North Seamodel

One might expect that a regional high-resolution model is
able to describe the AVM2ssh in a specific ocean basin more
accurately than a global model. If we assume that ocean areas
close to a SG station generate a major part of the AVM2
observed at that station, the AVM2 obtained with such a kind
of model should be closer to the results from observations.
We use the North Sea model (see Sect. 4.5) to investigate

this assumption for the European stations. Figure 5 shows
the results for BFO and Moxa. We take these two stations
as representatives because Schroth et al. (2018) show similar
results for all Central European stations.
The character of parameter variation is similar for both sta-
tions and shows no AVM2. This result is surprising because
the amplitudes of the AVM2ssh from the North Sea model
(see Fig. 2) are similar to the results from Stormtide in the
North Sea. Although the investigation in subsequent Sect. 5.3
shows that mass variations in the North Sea are not strong
enough to fully explain the AVM2 at European stations. An
explanation would be that the gravity contributions of the
AVM2ssh from the local North Sea model do not sum up
constructively at the analyzed stations. There are indications
that the forcing of α2 and β2 at the model boundaries is of
significant influence (Schroth 2019), which means that the
amplitudes and phases of the AVM2ssh in an ocean basin
depend not just on the AVM2ssh generated in the basin,
but also on the AVM2ssh propagating into the basin from
neighboring regions. Further investigations are necessary to
confirm this conclusion.

5.3 Contributions from different ocean areas

On the one hand, the largest amplitudes of the AVM2ssh
occur in coastal areas, as shown by Müller et al. (2014) and
in the results of Fig. 2 in Sect. 5.1. On the other hand, the open
oceans, where theAVM2ssh has only a very small amplitude,
cover large areas whose contribution could also sum up to a
large amplitude in gravity.
The influence of some ocean regions on the loading that
occurs at a site was studied in a way by (e. g. Baker 1980;
Agnew 2001). Their conclusions are however not transfer-
able by implication to the AVM2ssh and the AVM2. The
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Fig. 5 Variations of the tidal parameters of wave group M2 at BFO (left) and Moxa (right) obtained from measurements (black) and synthetic data
calculated with the North Sea model (light-blue). The mean values were subtracted

AVM2ssh is generated with a completely different mecha-
nism and therefore could behave differently than the main
tidal constituents. The amplitudes are much smaller than, e.
g. the amplitude of M2.
In order to investigate which regions have to be taken into
account in the loading computation so that the AVM2 at a
certain station is described sufficiently well, we compute the
gravity amplitude of the annual variation at every single grid
point. The value lmax,i of gravity loading is normalized to
the area dA(�r ′

i ) around the grid point i , because the size of
the areas may vary and also differ between the models. The
value

lmax,i (�r)
dA( �r ′

i )
= ρ G(�r − �r ′

i ) h(�r ′
i ) (3)

can be understood as areal density of gravity loading, where
�r is the location of the gravity sensor and �r ′

i is the location of
grid point i . In contrast to equation 1, the values are not inte-
grated over the Earth’s surface. The amplitude of AVM2ssh
is used as SSH, the phase is ignored. The resulting grav-
ity value is, therefore, the normalized, maximal contribution
lmax,i (�r)
dA(�r ′

i )
to the annual variation of theM2 amplitude in gravity

loading at the location of grid point �r ′
i .

In the following, we refer to this contribution as maximum
contribution or maximum gravity signal. These maximum
contributions are used as thresholds for synthetic dataMWA.
Only grid points whose maximum gravity contribution
exceeds the threshold are taken into account in a subsequent
analysis of AVM2ssh loading. We compare the AVM2 pro-
duced by all grid points of the ocean model to the AVM2
obtained by excluding those grid points of the same model
with a maximum gravity contribution below the regarded
threshold. Subsequently the analysis proceeds with a lower
threshold, which means that more grid points are considered

in the loading calculation. We continue as long as the AVM2
obtained from the threshold analysis differs by more than
10% from the AVM2 obtained with the global model. This
is estimated by choosing and comparing the peak-to-peak
amplitudes of the AVM2 of the global model and the AVM2
with thresholds. Plotting the necessary grid points on a map
will showwhich ocean regions contribute significant loading
to gravity data at the station under consideration.
The distribution of large AVM2ssh amplitudes is similar
in all models. Therefore, we run the test only with HGT.
The stations BFO and Cantley are shown as examples here.
Figure 6 shows the distribution of grid points exceeding a
certain threshold for BFO and Cantley as well as the results
of the corresponding analyses. Similar results for Canberra
are given in Fig. 11 in Appendix E. The time varying anal-
ysis results are band pass filtered to remove artificial trends
(discussed in Sect. C in the Appendix).
At BFO all grid points for which the maximum contribution

exceeds 10−14 nm/s2

m2 are needed to reach a deviation from
the AVM2 obtained with the whole model of 10% or less.
The corresponding grid points are distributed over a large
region in the North Atlantic but also over distant shelf areas.

The synthetic data MWA with a threshold of 10−12 nm/s2

m2

at BFO shows a large phase shift compared to the results
obtained from the global model. The contributions from the
other regions seem to cancel out the AVM2 obtained for
the higher thresholds. The variation of the gravimetric factor

almost vanishes for a threshold of 5·10−13 nm/s2

m2 . TheAVM2

for the threshold of 10−13 nm/s2

m2 is already relatively close to
the results for the global model (but the difference is still
larger than 10% for the gravimetric factor). The large AVM2
obtained for the higher thresholds are probably caused by the
large amplitudes of the AVM2ssh in the North Atlantic (see
Fig. 2).
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In contrast to BFO, at the Cantley station, all grid points

for which the maximum contribution exceeds 10−15 nm/s2

m2

are necessary. These grid points are globally distributed. The
investigation for the station Canberra is given in Fig. 11 in
Appendix E and shows a similar behavior as Cantley. Thus,
all examples show that the grid points contributing signif-
icantly to the AVM2 at the stations are distributed over the
entire globe. The influence of the loading of the AVM2ssh on
tidal parameters therefore has to be studied on a global scale.

6 Discussion and conclusions

The harmonic analyses of sea surface heights computed
for five time stepping ocean models show that the physics
implemented in contemporary modeling approaches are able
to produce annual variations of the M2 sea surface ampli-
tude in the range of several centimeters (see Sect. 5.1). This
agrees well with observations from tide gauge (Müller et al.
2014; Baker and Alcock 1983) and altimeter data (Huess
and Andersen 2001; Müller et al. 2014). The similarity
of the general pattern (large amplitudes in dedicated shelf
areas, small amplitudes in the open ocean) indicates that the
models describe the principal effects causing the AVM2ssh.
In detail, however, considerable differences in spatial dis-
tribution and the height of the amplitudes are observed.
Calculating ocean loading from model output and analyz-
ing the resulting time series shows that three out of the
five models, namely ARTOFS, Stormtide and HGT, pro-
duce annual variations of the gravimetric M2 parameters at
SG stations of up to 10−3 in the gravimetric factor and 0.1◦
in phase (see Sect. 5.2). These variations are of the same
order of magnitude as obtained from moving tidal analyses
of measured data. This is an important result, as it quanti-
tatively confirms the hypothesis that loading by the oceans
is a viable source for the observed temporal variations of
tidal parameters in SG data. This conclusion, however, holds
only in a general sense. The observed disparities between
outcomes derived from the model and those obtained via
gravimetric measurements underscore a significant limita-
tion: current time-stepping ocean models fail to simulate the
AVM2ssh accurately. This limitation aligns with expecta-
tions set by prior intercomparison of the ocean models. We
have to acknowledge that the five models evaluated in this
study were originally designed with diverse objectives in
mind, including the prediction of sea level heights, analy-
sis of internal tidal currents and sediment transport, and the
correction of satellite gravity mission data. The discrepancy
between model predictions and measured data is not surpris-
ing, because the models’ main objectives do not encompass
the prediction of annual variations in tidal constituents.
Based on the HGT model we investigated which regions of
the ocean contribute significantly to the AVM2 observed at

a certain station (see Sect. 5.3). At BFO, taken to represent
the European stations, all grid points for which the maxi-

mum gravity contribution exceeds 10−14 nm/s2

m2 are needed
to reach a difference of 10% or less compared to the total
AVM2.Regions of significant contributions are located in the
North Atlantic and the Arctic Sea, but also at shelf regions
with large amplitudes of the AVM2ssh all over the globe.
For Cantley, located on the North American continent, and
similar for Canberra in Australia all grid points with a max-

imum contribution exceeding 10−15 nm/s2

m2 are necessary. In
this case, grid points with significant contributions are dis-
tributed over almost the entire globe. These results imply that
at BFO the shelf areas are more important than at the other
two stations investigated here. Further investigations would
be needed to verify this.
This analysis shows that for an accurate description of the
AVM2 a global distribution of the annual variation of theM2
amplitude in the SSH is needed and a regional model such
as the North Sea or ARTOFS model presumably would be
insufficient.
It is particularly striking that loading contributions from
shelf regions close to BFO are in direct opposition to those
from distant shelves and the open ocean. This counterintu-
itive observation does not yet have a satisfactory explanation,
indicating that compensatory contributions from other areas
balance those from the shelf region near the station.
The North Sea model, representative of regional models,
aims to delineate better the intricate patterns of AVM2ssh
within bays, sounds, and straits, suggesting its utility in refin-
ing loading computations. Nevertheless, our application of
the North Sea model did not produce an AVM2, likely due
to incomplete AVM2ssh data at the model’s boundaries.
TheARTOFSmodel adequately captures the regional dynam-
ics, facilitating the generation of a synthetic AVM2 that
aligns closely with observed data. It is interesting to note
that the model shows an AVM2 of a similar order of mag-
nitude as Stormtide, although it covers only a part of the
global ocean. The investigation of the influence of different
ocean areas on the AVM2 at a certain station (see Sect. 5.3)
shows that ARTOFS contains large parts of those areas with
significant contributions at European SG stations. However,
the model does not include other significantly contribut-
ing regions like e. g. the Russian coast as well as distant
shelf areas. Acknowledging the significant influence of dis-
tant oceanic contributions to loading raises the question of
whether the amplitude of AVM2ssh represented in ARTOFS
may be overestimated.
For the third globalmodel, OMCT, theAVM2 from synthetic
data MWA is an order of magnitude too low. None of the
tested properties leads to an AVM2 of the correct order of
magnitude. The largest (but still small) difference occurs for
the 1◦ resolution compared to the 1.875◦ resolution version
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Fig. 6 Left: results for BFO. Right: Results for Cantley Top: Maps
of HGT grid points whose gravity loading contribution exceed the

threshold at the respective station. Threshold are: 10−12 nm/s2

m2 in red,

5 · 10−13 nm/s2

m2 in blue, 10−13 nm/s2

m2 in cyan, 10−14 nm/s2

m2 in black and

10−15 nm/s2

m2 in green. Bottom: Results of the corresponding synthetic

data MWA, band-pass filtered between 1
1000 d and 2

year . The synthetic
data MWA analysis result for the entire model is shown in light-purple.
The yellow cross shows the position of the station. Please note that
the synthetic data MWA is performed successively for lower thresholds
until the difference to the results from the global model is equal or less
than 10%. Please note that the similarity at the beginning of the curves
is due to the bandpass filter

which can be taken as indication that the spatial resolution of
the model is too low to represent the corresponding effects
properly.
To conclude, synthetic data analysis via MWA reveals that
the annual variations in oceanic M2 tides provide enough
loading energy to produce themodulations observed in gravi-
metric M2 tides at SG stations. However, the accuracy of
current ocean models in representing these variations needs
to be improved for the accurate correction of gravity data for
ocean loading. On the other hand, the study corroborates the
ability of SG measurements in detecting sea surface height
variations within the centimeter to millimeter range.
A worthwhile next step could be to study the influence of
different model properties in the AVM2ssh and to use the
AVM2 obtained from gravity data as a proof. In this investi-
gationwe found indications that certainmodel properties and
phenomena are important for the occurrence of the AVM2,
as already stated by others (e. g. Müller et al. 2014; Kang
et al. 2002). However, we were not able to reliably identify
them as relevant through comparison of the different ocean
models as the models differ not only in one but in many

properties. A much more detailed model study with focus
on the model properties is needed to isolate and delineate
specific properties which can then explain the results. The
analysis of SG tidal data through narrow frequency bands
presents a unique advantage, showing a marked resilience to
the myriad of environmental disturbances that often compro-
mise time series analyses. This specificity, enhanced by the
lock-in effect, elevates the sensitivity of the measurements.
Thus, SG stations, strategically positioned across the globe,
could potentially act as a sensitive mechanism for examining
the repercussions of global climate change on oceanic tidal
currents. Müller et al. (2014) points out that a seasonally
varying ocean stratification driven by meteorological effects
and ice drag are the main causes of the annual variation of
the M2 ocean tide. Both phenomena are influenced by cli-
mate change and should result in a change of the annual
variability of the M2 ocean tide. Opel et al. (2024) investi-
gate the influence of long-term changes in the stratification
on tidal amplitudes based on satellite altimeter data. Such
studies could profit from SG data analyses. A significant
long-term effect in the variability of the M2 tidal parame-
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ters is not obvious just by sight (Schroth et al. 2018). As the
effect seems to be very small (Opel et al. 2024) it may show
up in further investigations of the tidal parameter variations.
Other climate change phenomena with small amplitude but
significant influence can be identified in SG data in future
investigations, offering the possibility to study and better
understand these effects. Unlike tide gauges, SG technology
delivers spatially comprehensive insights into height/mass
fluctuations, free from the temporal or spatial aliasing chal-
lenges associated with satellite altimeter data.
SG observations hold promise for validating oceanic de-
aliasing products associated with current or forthcoming
gravity satellite missions, such as Grace-Follow-On. These
missions have the potential sensitivity to detect centimeter-
level changes in sea surface heights across the global ocean.

Appendix A Glossary

admittance: response of Earth to tidal forcing as a frac-
tion of forcing; in the context of this text,
primarily due to theoretical estimates based
on solid Earth models

AVM2: annual variation of the tidal parameters of the
M2 tide obtained from gravity data

AVM2ssh: annual variation of the parameters of the M2
tide in sea surface height

ARTOFS: Atlantic Real-Time Ocean Forecast System
HGT: HYbrid Coordinate Ocean Model, Global

Tides
OMCT: Ocean Model for Circulation and Tides

North Sea: North Sea Model
MWA: moving window tidal analysis
OBP: ocean bottom pressure
SSH: sea surface height

Appendix B Accuracy of the loading
calculation

The loading calculation described in Sect. 2.3 is based on
assumptions such as a constant density, which is not realistic
and neglects some effects such as the height of the gravimeter
station and the extent of model grid cells. The influence of
these simplifications is discussed in the following.
Synthetic data MWA (see Sect. 2.1) with different density
values or with output from the ocean models containing
different information about density variations (SSH/OBP,
OMCT; total/non-steric SSH, HGT, see Sect. 4)) resulted
in insignificant differences of the AVM2. The same holds for
the approximation of the model area with rectangles around
the grid cells. The interpolation of the Green’s functions to
the required distances was found to be of significant influ-

ence only for the time-invariant part (mean value) of the tidal
parameters (in the order of 10−3 for the gravimetric factor
and 0.01◦ for the phase), but not for its variation.
In order to check if the altitude of the station or the extent of
themodel grid cells are of significant influence for the AVM2
we compare with the software package SPOTL (Agnew
2012) for the calculation of loading time series for OMCT
(all stations) and HGT (BF and OS, half a year of data).
Because OMCT is the model with the coarsest grid, the load-
ing calculation with OMCT is more strongly affected than
loading calculations from the other models (Olsson et al.
2009). HGT is the global model with the finest grid and is,
therefore, less affected. The other models lie in between.
Only the time-invariable part differs when the synthetic data
MWAbased on SPOTL is compared to our simplified loading
calculation. The only exception of that result is the synthetic
data MWAwith OMCT at Onsala, where the variation of the
tidal parameter is threefold increased. Onsala is exceptional
because the SG is located extremely close to the coast (in the
range of hundreds of meters), where the resulting effects are
considered by SPOTL but not by our computation.
For HGT, only 6 months of data were calculated for two
stations, because the computation time for SPOTL is sig-
nificantly larger. The additional required interpolation to an
equidistant grid additionally contributes to the longer com-
putation time. The AVM2 of the synthetic data MWA with
loading calculated by SPOTL do not differ from the AVM2
with the simplified calculation.
For the time-invariant part of the M2 tidal parameters, the
neglected effects have a smaller influence for HGT than for
OMCT. A more detailed description of the mentioned anal-
yses is given by Schroth (2019).
From the comparison with SPOTL we conclude that the
approximations used in our approach do not limit the infor-
mative value of our analyses.

Appendix C Artifacts

The results presented inFigs. 3 and6 inSect. 5.2.1were band-
pass filtered because otherwise artifacts would obscure the
AVM2 we are interested in. The following artifacts occurred
in the results from synthetic data MWA:

• The tidal parameters obtained from synthetic data MWA
with ARTOFS contain a step at the beginning of 2012
which is due to a restart of the model run because of an
update of the TPX06 model which defines the tides at
the model boundaries. The step was corrected with the
corresponding function in the data editing software Tsoft
(van Camp and Vauterin 2005).

• The ARTOFS tidal parameters also show short periodic
(few months) variations which are most likely caused by
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Fig. 7 Top: Gravimetric factors
obtained with altimeter models5

(gray) and the time-variable
models Stormtide (red), the
original 1◦ (light orange) and the
changed ice drag version (cyan)
from OMCT and HGT (blue) in
comparison to the results from
measurements (black). Bottom:
Same for the phase. No standard
deviations are shown here
because they are of an order of
10−5 for the gravimetric factor
and 10−3 for the phase and
would be almost invisible
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the model boundaries. This is indicated by a synthetic
data MWA with a cutout of the model at a distance to
the boundaries, in which these short-period variations
were considerably reduced. Removing these short-period
variations defines the upper corner frequency fcu = 2

year
of the band-pass filter used in Sects. 5.2.1 and 5.3.

• Artifacts occur in the results fromHGT because the load-
ing calculated from those models does not contain all
harmonics in the M2 group. Only 8 harmonics define the
tidal forcing. Only a constant nodal correction is applied,
which causes a variation with a period of 18.6 years,
because the analysis model contains the time dependence
corresponding to this frequency. The variation vanishes
if the corresponding harmonic is removed from the M2
wave group but then also the α2 and β2 are excluded.
The wave group being modified in this way is therefore
inappropriate for studying the AVM2. The lower corner
frequency ( fcl = 1

1000 d ≈ 0.37
year ) is the lowest frequency

which could be used with the given length of the time
series. ThatARTOFS does not suffer from the same prob-
lem is probably due to the nudging of measurements.

Schroth (2019) describes these artifacts in more detail.

Appendix D The time-invariant part of the
tidal parameters

The time-invariant part of the tidal parameters (mean value)
represents the temporally constant part of theM2 gravimetric
factor or phase. The time-invariant part has the samemeaning
as the gravimetric factor estimated from a long data set. A
deviation of the time-invariant part of the tidal parameters
obtained with MWA and tidal parameters obtained from a

Table 4 Definition of wave groups as given by Wenzel (1997b). The
first column gives the name of the wave group, which corresponds to
the largest line within the group. fs is the start and fe the end frequency
of the wave group in cpd

Name fs in cpd fe in cpd

Q1 0.501370 0.911390

O1 0.911391 0.947991

M1 0.947992 0.981854

K1 0.981855 1.023622

J1 1.023623 1.057485

OO1 1.057486 1.470243

2N2 1.470244 1.880264

N2 1.880265 1.914128

M2 1.914129 1.950419

L2 1.950420 1.984282

S2 1.984283 2.451943

M3M6 2.451944 7.000000

long data set occurs if the length of the data set is not an
integer multiple of the variation period.
The time-invariant parts of the tidal parameters obtainedwith
the different ocean models (see Sect. 5.2.1) we compare with
the results obtainedwithmeasurements andwith loading cal-
culations based on time-invariant models. We use the BFO
as an example location for this analysis. The latter values
are obtained from the Ocean Loading Provider5 (OLP) by
H.-G. Scherneck and M. S. Bos. It takes into account effects
which are neglected in our simplified loading calculation (see
Sect. 2.2 and C). The loading values obtained from OLP are
used for calculating the resulting tidal parameters assuming
a gravimetric factor δ = 1.16 and phase φ = 0◦ for the solid

5 http://holt.oso.chalmers.se/loading/index.html (05.07.19)
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Table 5 Amplitudes of the
AVM2 estimated by from the
AVM2 shown in Figures 3, 9 and
10. They were calculated as the
mean of the half peak-to-peak
amplitude of each annual period

station measured data ARTOFS Stormtide OMCT HGT
�δ �φ in◦ �δ �φ in◦ �δ �φ in◦ �δ �φ in◦ �δ �φ in◦
·10−4 ·10−3 ·10−4 ·10−3 ·10−4 ·10−3 ·10−4 ·10−3 ·10−4 ·10−3

BF 0.6 6.2 1.5 10.5 0.6 4.5 0.4 1.4 4.0 5.6

BH 1.4 13.8 1.1 9.6 0.7 5.1 0.4 1.9 3.2 6.5

CA 2.7 8.6 5.9 38.2 1.6 3.2 0.5 2.4 2.3 10.0

CB 4.6 17.3 – – 1.1 7.9 0.9 4.2 2.6 13.3

MB 2.5 5.4 1.9 12.4 0.8 6.2 0.4 2.5 4.5 19.4

MO 1.1 8.6 1.5 9.3 0.7 4.6 0.3 2.1 5.1 15.3

OS 9.9 36.6 9.5 31.6 7.4 13.3 9.8 16.4 5.7 64.2

SU 2.8 7.4 – – 1.1 7.2 0.7 2.2 6.1 9.4

TC 3.1 21.5 – – 2.6 12.4 2.7 6.8 1.9 10.0

Earth (see Sect. 2.1). They are given with the results for the
time-variable models in Fig. 7. ARTOFS and the North Sea
model are not shown here. Due to their limitation to certain
areas, they cannot provide reasonable mean values.
Several issues have to be considered for the comparison.
Differences of the mean values can occur for reasons other
than the factors present in the ocean models. The difference
of the theoretical gravimetric factors we assumed here and
the values estimated for Earth models (see Sect. 3) cause
a deviation of all the synthetic data MWA results from the
results obtained with measurements. This difference is how-
ever orders of magnitude smaller than the deviations we can
see in Fig. 7 (Dehant et al. 1999) and therefore is not signif-
icant.
As mentioned in Sect. B the time-invariant parts of the tidal
parameters differ significantly due to neglected effects (see
Sect. B) and different assumptions in the simplified loading
calculation and SPOTL or OPL. When testing for the con-
sequences of these simplifications, we found that they will
not exceed 5.1 · 10−3 in the gravimetric factors and 0.06◦ in
the phase (for details see Schroth 2019, section 8.2.6.2). The
results from the time-invariant models vary in a similar range
of about 5 · 10−3 (gravimetric factor) and 0.1◦ (phase lead).
Therefore, differences of this order of magnitude between
the results from time-invariant and time-variable models or
between time-variable models and measurements are not
interpreted.

For OMCT additionally the interpolation to hourly values
causes mean values which are too low by 1.4 · 10−3 to
2.5 · 10−3 for the gravimetric factor and 0.14◦ for the phase.
However, this cannot explain the differences between the
tidal parameters of the time-invariant models and the mean
values from OMCT.
If the mean values obtained with measured data are taken
as the true values and we assume errors in the range esti-
mated previously in this section (i. e. about ±5 · 10−3 in the
gravimetric factor and ±0.1◦ in the phase), then most of the
results from the time-invariant models and the results from
HGT are within the error range. The HGT model describes
the time-invariant part of M2 equally as well as the time-
invariant ocean models, which is remarkable as HGT does
not use any kind of nudging or assimilation.
For Stormtide only one of both tidal parameters is within this
range. The results have a phase lead within the error range
but the gravimetric factor is too large.
This investigation shows that the models used here, with the
exception of HGT, do not explain the time-invariant M2 as
accurately as time-invariant ocean models do.

Appendix E Additional information and
figures

See Figs. 8, 9, 10, 11
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Fig. 8 Amplitude of the annual variation of the M2 amplitude from
ARTOFS (top left), Stormtide (top right), OMCT data set with changed
ice drag (center left), HGT (center right) and the North Sea model (bot-
tom). Please note that the dark blue colors close to the coasts can be due

to land grid points which have zero amplitude. Also, note the different
color scale for OMCT; the amplitudes are also in a range of centimeters
but only half of the amplitudes of the other models
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Fig. 9 Tidal parameters of wave group M2 at the European stations
BFO, Bad Homburg, Membach and Onsala obtained from measure-
ments (black) and synthetic data calculated with ARTOFS (magenta),

HGT (blue), OMCT (yellow) (left) and Stormtide (dark-red, right),
band-pass filtered between 1

1000 d and 2
year , band-pass filtered between

0.001cpd and 0.0055cpd (see Sect. C in the appendix)
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Fig. 10 Tidal parameters of wave group M2 at Cantley, Canberra,
Sutherland and TIGOConcepción obtained frommeasurements (black)
and synthetic data calculated with ARTOFS (magenta), HGT (blue),

OMCT (yellow) (left) and Stormtide (dark-red, right), band-pass fil-
tered between 0.001cpd and 0.0055cpd (see Sect. C in the Appendix)
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Fig. 11 Top: map of HGT grid points for which the gravity loading

contribution exceeds the threshold of 10−12 nm/s2

m2 in red, 5 ·10−13 nm/s2

m2

in blue, 10−13 nm/s2

m2 in cyan, 10−14 nm/s2

m2 in black and 10−15 nm/s2

m2 in
green at Canberra. Bottom: Results of the corresponding synthetic data
MWA, band-pass filtered between 0.001cpd and 0.0055cpd (see Sect. C
in the Appendix); the synthetic data MWA analysis result for the whole
model is shown in light-purple. The yellow cross shows the position
of the station. Please note that the synthetic data MWA is performed
successively for lower thresholds until the difference to the results from
the globalmodel is equal or less than 10%. Please note that the similarity
at the beginning of the curves is due to filtering
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