DE GRUYTER

J. Geod. Sci. 2019; 9:71-86 a

Research Article

T. Gruber and M. Willberg

Open Access

Signal and error assessment of GOCE-based high
resolution gravity field models

DOI: https://doi.org/10.1515/jogs-2019-0008
Received November 19, 2018; accepted March 10, 2019

Abstract: The signal content and error level of recent
GOCE-based high resolution gravity field models is as-
sessed by means of signal degree variances and compar-
isons to independent GNSS-levelling geoid heights. The
signal of the spherical harmonic series of these models
is compared to the pre-GOCE EGM2008 model in order to
identify the impact of GOCE data, of improved surface and
altimetric gravity data and of modelling approaches. Re-
sults of the signal analysis show that in a global average
roughly 80% of the differences are due to the inclusion
of GOCE satellite information, while the remaining 20%
are contributed by improved surface data. Comparisons of
the global models to GNSS-levelling derived geoid heights
demonstrate that a 1 cm geoid from the global model is fea-
sible, if there is a high quality terrestrial gravity data set
available. For areas with less good coverage an accuracy
of several centimetres to a decimetre is feasible taking into
account that GOCE provides now the geoid with a centime-
tre accuracy at spatial scales of 80 to 100 km. Comparisons
with GNSS-levelling geoid heights also are a good tool to
investigate possible systematic errors in the global models,
in the spirit levelling and in the GNSS height observations.
By means of geoid height differences and geoid slope dif-
ferences one can draw conclusions for each regional data
set separately. These conclusions need to be considered
for a refined analysis e.g. to eliminate suspicious GNSS-
levelling data, to improve the global modelling by us-
ing full variance-covariance matrices and by consistently
weighting the various data sources used for high resolu-
tion gravity field models. The paper describes the applied
procedures, shows results for these geoid height and geoid
slope differences for some regional data sets and draws
conclusions about possible error sources and future work
to be done in this context.
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1 Introduction

Since the completion of the GOCE mission and the avail-
ability of the release 5 GOCE-based satellite-only gravity
field models (Brockmann et al. 2014; Bruinsma et al. 2013),
a number of high resolution combined global gravity field
models has been published through the International Cen-
tre for Global Earth Models (ICGEM) (Barthelmes and Koh-
ler 2016). These models all have in common that they
combine latest satellite information from GOCE, GRACE
and other satellites with terrestrial, airborne and altimet-
ric data in order to provide the global Earth gravity field
with highest possible resolution, considering the spatial
resolution of available surface data. In general, one can
regard them as the static (mean) part of the Earth gravity
field without a specific time stamp, as they combine data
and observations obtained over decades. In contrast, there
are available several monthly (and shorter period) time se-
ries computed from GRACE data providing the temporal
evolution of the Earth gravity field and subsequently mass
transport in the Earth system. The time variable gravity
field will not be considered in this study. Among a few oth-
ers, the precursor of the new generation high resolution
static gravity field models is the EGM2008 model (Pavlis et
al. 2012), which, until nowadays, represents the standard
model used worldwide for many applications. EGM2008
is based on a few years of GRACE observations, informa-
tion from a variety of satellites and terrestrial and altimet-
ric gravity data available at that time.

High resolution static gravity field models are used for
a wide range of applications in geodesy, solid Earth sci-
ences and oceanography. As a few examples of many, one
could mention geoid based height determination in areas
with less good ground data coverage (Li et al. 2015), anal-
ysis of the structure of the Earth’s crust (Evariste et al.
2014) and determination of the mean ocean dynamic to-
pography (Andersen and Knudsen 2009; Bingham et al.
2008). With the newly published high resolution gravity
field models one can expect significant improvements with
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respect to EGM2008, specifically from the inclusion of the
GOCE gravity gradiometer data, from the analysis of the
extended GRACE observation time series and partially also
from newly observed terrestrial and airborne gravity data
as well as from improved altimetric gravity. In order to
identify the impact of the new information, but also to
identify possible improvements due to better modelling
approaches, these high resolution models need to be as-
sessed in terms of their signal content and their absolute
error by comparing them to the EGM2008 model and to
independent geoid information. For the latter only geoid
heights over land observed by the so-called GNSS-levelling
technique can be applied, because they are not used as ob-
servation in high resolution models. These GNSS-levelling
geoid heights are determined pointwise by subtracting the
orthometric or normal height determined by spirit level-
ling and gravimetry from the ellipsoidal height observed
by GNSS (Heiskanen and Moritz 1967, Chapter 4). These
comparisons applied to a number of newly released high
resolution gravity field models represent the main focus
of this paper, which is structured as follows. In chapter 2
the comparison methods are shortly summarized and crit-
ically assessed. Chapter 3 provides a detailed description
of the data sets used for the study, while in chapters 4 and
5 the results of the comparisons are presented and inter-
preted. Chapter 6 finally discusses the obtained results and
derives some conclusions for future work.

2 Methods and Procedures

The signal content of global gravity field models, which
are available as spherical harmonic series, best is anal-
ysed by means of signal degree variances (Heiskanen and
Moritz 1967, Chapter 7-3). They are reflecting the global av-
erage signal per degree of a spherical harmonic series cor-
responding to a specific wavelength, which can be approx-
imated by half of the circumference of the Earth divided
by the degree N (20.000 km / N). As the main goal of this
study is to assess the impact of new satellite and surface
information with respect to the pre-knowledge, which is
represented by the EGM2008 model, signal differences to
EGM2008 model are computed and represented in terms of
difference signal degree variances. These differences show
at which wavelength the models differ more or less and
where the new information enters most. Finally, in order to
identify the average contribution of new information with
respect to EGM2008, the difference signal variances can
be accumulated up to degree n with the cumulative sum
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determining the effect of new information up to a specific
special resolution.

The absolute accuracy is assessed by comparison of
model derived geoid heights (or height anomalies) to inde-
pendent geoid heights at GNSS-levelling stations. The pro-
cedure follows to a large extent the method as described
in Gruber et al. (2011). As it is quite important to inter-
pret these differences in a correct way the basic processing
steps are repeated again. In addition to the standard com-
parisons shown in Gruber et al. (2011), we introduce some
new statistical analyses, which are based on geoid slopes
between all GNSS-levelling points of a regional data set.

Step 1: Spherical harmonic coefficients need to be
transformed to the constants of the reference ellipsoid of
the GNSS observations. Normal gravity field and geomet-
ric reference ellipsoid (semi major axis) need to be consis-
tent. In addition, the spherical harmonic series needs to
be transformed to the permanent tide system of the GNSS
levelling points (if required) (Gruber et al. 2014).

Step 2: Computation of geocentric coordinates for the
GNSS-levelling points from ellipsoidal coordinates ob-
served by GNSS and solution of the spherical harmonic se-
ries of the gravity field model at this location on the Earth
surface up to degree N for height anomalies (Gruber et al.
2014).

Step 3: Estimation of the omission error, i.e. the grav-
ity field signal not represented by the spherical harmonic
series as it is used in step 2 (up to degree N). The main
component is computed from an existing high resolution
gravity field model (e.g. EGM2008 up to degree 2190). In
case N is below the maximum degree of this high resolu-
tion model, the omission error is computed from degree
N+1 to the full resolution of the model (e.g. degree 2190 in
case of EGM2008). In addition, the remaining omission er-
ror above the maximum degree is computed from a topo-
graphic gravity field model estimating the gravity signal
from the residual topography above the maximum reso-
lution of the high resolution gravity field model. Here we
use the ERTM2160 model (Hirt et al. 2014). This model rep-
resents the short scale Earth gravity field above degree
and order 2160 computed by forward modelling of an im-
proved Shuttle Radar Topography Mission (SRTM) topog-
raphy model and spectral filtering. It shall be noted that
the spectral content of the high resolution gravity field
models is limited to degree and order 2160. The coeffi-
cients between degree 2160 and 2190 are artificially gen-
erated from the conversion of ellipsoidal harmonics into
the spherical domain (Pavlis et al. 2012).

Step 4: In case orthometric height at GNSS-levelling
points are available an additional correction needs to be
applied to the height anomalies computed from the global
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model in order to get geoid heights. This term, also called
geoid-quasi geoid separation, is computed according to
Rapp (1997) and is strongly dependent on the height of the
GNSS-levelling point. As an additional error source the to-
pographic bias affects the results obtained in high moun-
tain areas in case orthometric heights are used (Sjcberg
2018). As the density of the topography and its variations
between the Earth surface and the geoid is not known
the geoid-quasi geoid separation term as well as the to-
pographic bias degrade the quality of the reference geoid
heights in mountainous areas. This needs to be considered
when the differences between observed, and from global
models computed, geoid heights are analysed.

Step 5: These height anomalies or geoid heights then
can be directly compared to the corresponding results at
the GNSS-levelling points, which are computed by sub-
tracting the orthometric height or the normal height from
the ellipsoidal GNSS height. These differences can be anal-
ysed per regional data set either by regarding the differ-
ence maps or by statistical analyses.

Step 6: In many cases the differences for a regional
data set exhibit systematics in terms of biases or tilts. Bi-
ases are caused by different definitions of national height
systems, but can be neglected for the validation of global
gravity field models as long as the bias for a regional data
set is constant. Tilts, on the other hand, can be caused by
a deviation of the national height reference surface from
an equipotential surface or by systematic errors in the
spirit levelling network (Wang et al. 2012). For validation
of global gravity field models these effects need to be ac-
counted for by disregarding the mean difference (i.e. the
bias) and by computing a planar correction surface which
is applied to the height anomalies or geoid heights, respec-
tively.

Step 7: After applying the correction surface the root
mean square (RMS) of the differences between the model
geoid and the observed GNSS-levelling geoid is computed
per region as a validation result. The RMS value is a quality
criterion which tells how good the global model fits to the
observed geoid or height anomalies.

Step 8: These geoid differences per GNSS-levelling
point can be further analysed by computing differences
of geoid differences between all points of a regional net-
work, which we call geoid slope differences in the follow-
ing. These geoid slope differences can be analysed with re-
spect to the distance or the height difference between two
points or with respect to the orientation of the geoid slope
difference. By statistical analysis of geoid slope differences
for distance, height difference or orientation class one is
able to obtain a more detailed insight into possible prob-
lems either in the global model or in the GNSS-levelling
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geoid data. Finally, also combination of classes can be re-
garded providing information about possible correlations
of geoid slope differences.

The procedures as described above are applied to a
number of available GNSS-levelling data sets, which are
introduced in the following chapter.

3 Data Sets

In this study a quality assessment of high resolution grav-
ity field models incorporating at least a multi-year data
set of the GRACE mission and the complete GOCE data
set is performed. These models are compared against the
EGM2008 model (Pavlis et al. 2012), which is based on a
limited GRACE data set but no GOCE information. Table
1 provides an overview about the high resolution models,
which are used in this study.

Each model is discussed in more detail, specifically re-
garding the information which has been used to compute
the model, as this is important to correctly interpret the
validation results.

EGM?2008: This model, until nowadays, represents the
standard for many applications. It doesn’t contain data
from the GOCE mission, but an early GRACE mean gravity
field based on 4 years of data. The model was computed by
a combination of full normal equations up to degree and
order 359 and a reduced block-diagonal structure for the
ellipsoidal spectrum up to degree 2159. After transforma-
tion from the ellipsoidal into the spherical spectrum the
maximum resolution is degree 2190 and order 2159.

EIGEN6-C4: The model is based on 10 years of GRACE
data, the complete GOCE mission data set and about 25
years of LAGEOS observations. Over the oceans EIGEN6-
C4 includes a recent version of DTU altimetric gravity
anomalies, while over land it applies mostly data com-
puted from the EGM2008 model. The model was computed
in the spherical domain with a full normal equation sys-
tem up to degree 370 and a reduced block-diagonal nor-
mal equation system up to degree 2190. When comparing
this model with GNSS-levelling geoid heights it has to be
considered that only the satellite part was significantly im-
proved, while over land the information is mainly identical
to EGM2008. The updated altimetric gravity data mostly
provide better information in the coastal regions, while in
the open ocean it is very similar to the EGM2008 data set.

GECO: The goal of this model was to insert better satel-
lite information from GOCE into EGM2008. For this pur-
pose, a pure GOCE model containing the full mission data
set was spectrally combined by with the EGM2008 model.
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All terrestrial and altimetric data are therefore identical to
EGM2008.

GOCE-OGMOC: This model is a combination between
the XGM2016 (Pail et al. 2018) and the EIGEN6-C4 model
(Forste et al. 2014). It is identical to XGM2016 up to degree
619, between degree 620 and 719 both models are spec-
trally combined applying a weighting function and from
degree 720 to 2190 it is identical to EIGEN6-C4. Both mod-
els include identical altimetric gravity anomalies, while
over land an improved 15°x15" block-mean data set of
gravity anomalies provided by the National Geospatial-
Intelligence Agency (NGA) was used for XGM2016. This
data set was extracted from the NGA database of terres-
trial and altimetric gravity data and incorporates in some
regions newly observed gravity data from airborne cam-
paigns. In addition, improved data editing and prepara-
tion were applied to the data before the calculation of the
block-mean values. In the spectral range from degree 620
to 2190, according to the weights, terrestrial information
(over land) from the EGM2008 model is introduced over
land. As satellite information a GRACE/GOCE combina-
tion model was used, which includes the complete GOCE
mission data set and most of the GRACE data [GOCO05S
(Mayer-Giirr and the GOCO Team 2015)].

SGG-UGM-1: This model combines a GOCE satellite
model with terrestrial and altimetric data computed from
the EGM2008 model. The model is computed by an adjust-
ment approach applying full normal equations up to de-
gree and order 220 and a reduced block-diagonal system
up to degree 2159. All terrestrial and altimetric data are
therefore identical to EGM2008.

PGM2017: The data used for this model are not com-
pletely known, but it can be assumed that similar grav-
ity data as for the XGM2016 is applied. Only for some re-
gions updated data were introduced. For this model the
terrestrial and altimetric data are not spectrally limited to
degree 719, but block-mean values with 5’x5’ spatial res-
olution are used. For the satellite part it can be assumed
that the GOCOO05S model is applied. Therefore, the model
up to degree 620 is very similar to the GOCE-OGMOC so-
lution, while for higher degrees improved information is
available. The estimation method applied for this model is
unknown.

Apart from the global models various sets of GNSS-
levelling data are used, which are summarized in Table 2.
In general, these data sets are provided in the form of or-
thometric heights from the spirit levelling, which are sub-
tracted from the ellipsoidal heights from GNSS in order to
compute geoid heights. Only for Germany and the unified
European data set normal heights and height anomalies
are available. The number of stations and subsequently

DE GRUYTER

their density in each region vary significantly (refer to Ta-
ble 2, column 2).

4 Signal Assessment

For an initial assessment of the signal content of the global
models geoid height differences between the high resolu-
tion models under investigation and EGM2008 are com-
puted and displayed in terms degree variances (square
root) (i.e. global mean of model differences in the spectral
domain). Figure 1 shows these differences from which one
is able to identify the influence of the new satellite infor-
mation from GOCE and GRACE and the newly included ter-
restrial and altimetric gravity data.

The largest differences occur for degree 60 to 200,
which are dominated by the contribution of the GOCE data
(see Fig. 1, bottom). All models under investigation now
contain GOCE information and therefore the differences
to EGM2008 (without GOCE) are at similar level. For the
long wavelengths below degree 60 one can identify the
value of GRACE information, which was included already
in EGM2008, but not in the GECO and SGG-UGM-1 mod-
els. For this reason, both models exhibit larger differences
in this frequency range. Finally, for the high frequencies
above degree 200 the contribution of new terrestrial and
altimetric gravity data can be identified (Fig. 1, top). The
largest differences to EGM2008 exist for PGM2017, which
includes a new set of 5’x5’ surface data. All other models
use prior information from EGM2008 starting at a specific
degree. This becomes visible by the strong drops in the
degree variance difference curves. For the GOCE-OGMOC
model a new terrestrial/altimetric data set with 15’x15’ res-
olution was used, which corresponds to degree 719 while
for other models EGM2008 information entered already at
degree 360 or smaller (compare Table 1).

In order to quantify how much information in global
average is from the GOCE data and how much from new
terrestrial and altimetric information the signal difference
degree variances are accumulated and shown in Fig. 2 in
terms of the square root of cumulative signal degree vari-
ance differences as geoid heights. As one clearly can iden-
tify, most of the differences to EGM2008 are in the spec-
tral range up to degree 200, which is caused by the GOCE
data (about 80% of the total difference at degree 2190).
The remaining differences mostly are between degree 200
and 500 (about 20% of total) and only marginal contri-
butions are in the spectral range above degree 500. This
is well visible by the slope of the curves. The steeper the
slope the more contribution from new data up to this de-
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Table 1. Overview of high resolution global gravity field models. Degree/Order: maximum resolution of the model in the spectral domain
(sph. = spherical domain, ell. = ellipsoidal domain); Satellite Data: satellite data applied in the model; Surface Data: altimetric and land
data sets used in the model; Method: combination method, full = usage of full normal equations, BD = block-diagonal normal equations,
Spectral combination = combination of models.

Model Degree/ Order  Satellite Data Surface Data Method Ref.
DNSCO7 Altimetry .
2159 ell. . d/o 359 full (Pavlis et al.
EGM2008 2190 sph. ITG-GRACEO3S SS v18.1 Altimetry d/0 2159 BD 2012)
NGAO08 Land
EIGEN6-CA 2190 sph ggﬁEED?:SGS (10y) DTU10 Altimetry d/o 370 full (Forste et al.
i ) i d/0 2190 BD 201
LAGEOS EGM2008 Land /0219 4)
EGM2008 Land EGM2008 Spectral (Gilardoni et
GECO 2190 sph. GOCE-TIM5 an combination on
Ocean . al. 2016)
geoid
Spectral
combination
DTU13 Alti
GOCE-0GMOC 2190 sph. GOC0055 \ Gl; 136 L::L":;’;’,) XGM2016 (Pail et al. F(fc'::re;:;';)
2018), EIGEN6-C4
(Forste et al. 2014)
EGM2008 Land d/o 220 full .
- - 2159 sph. L 2018
SGG-UGM-1 P GOCE EGM2008 Ocean d/0 2159 BD (Liang 2018)
2159 ell DTU17 Altimetry
PGM2017 2190’ h GO0C005S §52017 Altimetry unknown (NGA 2018)
ph- NGA17 Land (5°)
Table 2. Overview of GNSS-levelling datasets used for the study
. No.
Region .o Reference No.
Points
Australia 197 Geoscience Australia, 2003 GO1
Brazil 683 Brazilian Institute of Geography and Statistics - IBGE, Directorate of Geosciences - Go2
razi DGC, Coordination of Geodesy — CGED, 2012
Canada 579 National Resources of Canada (NRCan), via US NGS, 2012 GO3
E . 2576 National Resources of Canada (NRCan), 2007 GO4
urope various " . - .
B fiir K h , Frankfurt/Main, 2
countries, EUREF EUVN 1233 undesamt fiir Kartographie und Geodisie, Frankfurt/Main, 2007 GO5
German 675 Bundesamt fiir Kartographie und Geodasie, Frankfurt/Main, 2003 G06
v 470 © GeoBasis-DE / Geobasis NRW, 2018 GO7
Great Britain 177 UK Ordnance Survey, 2011 GOS8
Greece (mainland) 1542 Aristotle University of Thessaloniki, 2016 G09
Japan 837 Japanese Geographical Survey Institute, 2003 G10
Mexico 744 Instituto Nacional de Estadistica y Geografia (México) via US NGS, 2012 G11
Saudi Arabia 382 King Abdulaziz City for Science and Technology KACST, 2012 G12
USA 24872 National Geodetic Survey (NGS), 2012 G13

gree is present. When the line becomes horizontal, from
this degree onwards, hardly any additional contribution
with respect to EGM2008 is in the investigated high res-
olution gravity field model.

In summary, one can state that the inclusion of GOCE
data significantly changes the high resolution gravity field
models in the spectral range up to degree and order 200
with respect to EGM2008 and that new terrestrial and al-
timetric data mostly contribute to differences between de-
gree 200 and 500. The PGM2017 model, which makes use

of GOCE data and an updated terrestrial/altimetric gravity
data set exhibits the largest differences immediately fol-
lowed by the GOCE-OGMOC model, which uses new sur-
face gravity data with reduced spatial resolution (15’x15).
The remaining models rely on information taken from
EGM2008 above degree 360. It shall be noted that larger
differences to EGM2008 do not necessarily mean that the
new high resolution model is better than previous ones.
This needs to be assessed by comparisons to independent
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Fig. 1. Geoid height differences in terms of square root of difference
signal degree variances between EGM2008 and high resolution
gravity field models. Top: for the full resolution up to degree 2190;
Bottom: Zoom in up to degree 300 (dashed lines mark the degrees
60 and 200).

gravity field information (e.g. from GNSS-levelling) as it is
shown in the next chapter.

5 Error Assessment

The quality of the high resolution gravity field models is
assessed by comparisons to independently observed geoid
heights at GNSS-levelling stations. The procedure is de-
scribed in detail in chapter 2 (steps 1 to 6), while the GNSS-
levelling data sets are summarized in Table 2. First, for
one regional example, the raw differences are computed,
the estimated planar correction surface is estimated and
residual differences after applying the correction surfaces

are computed. Here we use the German data set from
2018 (GO7) (refer to Table 2) as well as the EGM2008 and
PGM2017 high resolution models (refer to Table 1). Figure 3
shows the results of the pointwise geoid differences be-
tween the models for the full resolution up to degree 2190
(taking into account the remaining omission error from
the topographic gravity model) and the independent geoid
heights observed at the GNSS-levelling stations before and
after applying the planar correction surface and the correc-
tion per point.

For the German data set (GO7) (Fig. 3) it can be iden-
tified that for PGM2017 the raw differences vary slightly
more than for EGM2008. After applying the planar cor-
rection some differences between the two models can be
observed. In particular, locations showing larger differ-
ences have changed and differences for PGM2017 in gen-
eral seem to be slightly larger. Regarding the planar cor-
rection surface they look similar for both models, but the
tilt of the planar correction surface in North-South direc-
tion (approximately) is slightly larger for PGM2017 than for
EGM2008.

From this kind of figures it is hardly possible to deter-
mine which model performs better. Therefore, the RMS of
geoid differences (after subtracting the planar correction
surface) is computed for all points of a regional data set
using the full resolution of the high resolution gravity field
models and applying the remaining omission error from
the residual topographic gravity field (refer to chapter 2
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Fig. 3. Differences of EGM2008 and PGM2017 height anomalies to GNSS-levelling height anomalies in Germany (data set G07) for full model
resolution (degree 2190). All units in [m]. Top row: EGM2008 model; Bottom row: PGM2017 model; Left column: Raw differences without
applying planar correction surface; Middle column: Correction surface at GNSS-levelling points; Right column: Differences after applying
the correction.

step 3). Table 3 shows the results for these comparisons. The following intermediate conclusions can be drawn
from Table 3:
—  For the majority of regional differences EGM2008 per-
Table 3. RMS of geoid differences per regional data set in [cm]. forms worst. This is expected because in EGM2008 no
Global models are computed with full resolution. A planar correc- GOCE data and no updated surface gravity data have
tion surface is applied for each combination. First column: Region been used.

and country code (refer to Table 2). For GO5, subsets for some Eu-
ropean countries (see country code) and for G13, subsets for some
US states (see state code) are considered. The colour code indicates

For the models which just merge GOCE information
into the EGM2008 solution (GECO, SGG-UGM-1) the

the ranking per data set: Green = best, Yellow = closer to best; Or- performance has been improved to some extent with

ange = closer to worst; Red = worst. respect to EGM2008. The SGG-UGM-1 model seems to
outperform the GECO model for many regions.

Z::i::ﬁmnx o e i cocomoe s o — Models including GOCE and updated terrestrial

w2@n 2 3 ; 3 : and/or altimetric gravity data show best performance
S : ; : ' out of the three classes of gravity models and ob-
G : ; ; viously the more updated terrestrial information is

used the better the models fit to the independent
GNSS-levelling geoid heights. The EIGEN6-C4 model

indicates better performance than the models without

609 (GR)

= ' : , updated surface data, while the GOCE-OGMOC and
_— - - . : the PGM2017 models outperform EIGEN6-C4 because
o : : : : they make use of a new terrestrial land data set over
S 3 large areas of the world. From the latter two models
0 : z z z the GOCE-OGMOC model exhibits a slightly better per-

613 (SC)

formance, which is probably caused by the improved
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modelling approach using individual weighting and
full variance-covariance matrices up to degree 719.

— There are a few areas (Germany, Austria, California,
Colorado), where the PGM2017 and the GOCE-OGMOC
model perform worse than models based on EGM2008
surface information and GOCE. This is unexpected
and cannot be explained at this point. However, the
issue will be addressed in the following analyses.

— For some regions the level of geoid differences is quite
high and in an absolute sense it seems that only
marginal improvements can be identified between the
models. As all errors contributing to these differences
except for the global models are the same, any reduc-
tion of geoid differences can be attributed to the global
models. Therefore, also in these cases the reduction of
geoid differences RMS values seems to be meaningful
and indicates which global model performs better.

In order to refine the analysis, the global models perfor-
mance is evaluated for different truncation degrees. This
means, that the omission error above the truncation de-
gree is computed from a high resolution model (in this case
the PGM2017 model is taken) and from the residual topo-
graphic gravity potential (refer to chapter 2). The impact of
the truncation degree is investigated by applying different
truncation degrees (degree and order 100, 120, 140, 160,
180, 200, 220, 240, 260, 280, 300, 400, 500, 600, 620, 640,
660, 680, 700, 720, 2160, 2190). The reasons for selecting
these truncation degrees are twofold. First, the influence
of the satellite information from GOCE and GRACE shall be
analysed (degree 100 to 300) and second, the impact of im-
proved terrestrial information and the modelling approach
shall be quantified (degree 400 to 2190). The sequence
of truncation degrees between 620 and 720 was chosen
in order to analyse the impact of full variance-covariance
modelling versus a block-diagonal or diagonal approach
(GOCE-OGMOC versus PGM2017). Finally, for each region
and for each truncation degree the RMS of geoid differ-
ences between the model and the GNSS-levelling data is
computed (in all cases the planar correction surface was
applied). Figure 4 shows the RMS of these differences de-
pending on the truncation degree for a selection of re-
gional GNSS-levelling data sets.

Before drawing any conclusion from the results, Fig. 4
shall be explained shortly. In each sub-plot the black hori-
zontal line represents the model used for computing the
omission error. As PGM2017 was used in this case the
RMS of the PGM2017 truncated model enhanced by the
PGM2017 omission error always represents the full model.
Therefore, for PGM2017 the RMS of the geoid differences
is identical for all truncation degrees. All other models are
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a mix of the model under investigation (up to the degree

of truncation) and PGM2017 for the omission error. Results

can be interpreted by a relative comparison of the PGM2017
line with the results for the other models. In case a model
line is below the straight line of PGM2017 this model for
this degree of truncation fits better to the GNSS-levelling
geoid heights and vice versa.

From a detailed analysis of the results shown in Fig. 4
the following conclusions can be drawn:

— One can observe that for all truncation degrees be-
tween 100 and 220, EGM2008 exhibits larger RMS val-
ues than all other models. This clearly indicates the
impact of GOCE (and partially GRACE) satellite data,
which were not used in EGM2008.

—  For higher truncation degrees the impact of improved
terrestrial and altimetric observations plays an in-
creasing role. Models that contain solely terrestrial
information from EGM2008 (GECO, SGG-UGM-1) in
most cases exhibit larger RMS values than the mod-
els also incorporating new terrestrial and/or altimet-
ric data. But, it also can be observed that most of
the influence is from the improved GOCE information,
while new surface data, specifically in areas where
no terrestrial information was available in EGM2008,
provide further improvements. This is nicely shown
by the geoid differences in Brazil, where up to de-
gree 220 for all models the RMS of the geoid dif-
ferences is improved by roughly 6 cm with respect
to EGM2008, while models with new terrestrial data
(GOCE-OGMOC, PGM2017) reduce the RMS by about
7.5 cm for the full resolution. This implies that the new
data contribute at a level of 12 cm RMS improvement
in this case. Furthermore, this supports the findings in
chapter 4, where it was identified that about 80% of
the overall improvement is due to the better satellite
information, while about 20% is resulting from better
terrestrial data.

- The previous conclusion is not fully supported by the
results observed in Germany. Here the GOCE impact
is visible as well, but it also is visible that for higher
degrees all other models outperform the PGM2017
model, which is in opposite to all other regions shown
in Fig. 4. The RMS of geoid differences for PGM2017
at its full resolution is between 20-30% larger than
for all other models despite better satellite and up-
dated terrestrial information. Specifically, it is visi-
ble, that with less impact of PGM2017 for computing
the omission error (i.e. for increasing degrees of mod-
els based on EGM2008 information) the RMS of geoid
height differences gets smaller. This can be very good
observed from the GOCE-OGMOC model, which relies
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up to degree 719 on the same input data as PGM2017,
and which incorporates beyond degree 719 mostly
EGM2008 derived information. As conclusion one can
state that for the German GNSS-levelling data set high
resolution gravity field models relying on EGM2008 in-
formation above the GOCE impact perform better than

models relying on new terrestrial information in this
area. The reason for this so far is unknown and needs
to be identified by the PGM2017 development team. At
the moment, it can only be speculated whether the ter-
restrial data set has some artefacts or the EGM2008
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model is specially adapted to the German surface grav-
ity data set.

- Finally, it can be observed that for some regions (Ger-
many, USA, Canada) the GOCE-OGMOC model slightly
outperforms PGM2017 even if the majority of terres-
trial and altimetric gravity data are identical (except
that for GOCE-OGMOC only 15’x15’ resolution data
were available while 5’x5’ data were available for
PGM2017). This points towards the fact that the use of
full normal equations with individual weighting of ob-
servations has some advantage compared to the other
techniques (e.g. block-diagonal approach).

In order to further refine the error assessment of global
high resolution gravity field models, investigations based
on differences of geoid height slopes between all points of
a regional GNSS-levelling network are performed. Geoid
height slopes are determined from geoid height differences
between two GNSS-levelling points, computed from the
observed geoid heights and from the global models sep-
arately. Then differences of the two geoid slopes are com-
puted. In the sequel we call them geoid slope differences. If
this is done for all combinations of two points of a regional
network, a large number of geoid slope differences is avail-
able, which then can be statistically analysed with respect
to various parameters such as the distance, the height dif-
ference or the orientation between two points. Even a com-
bination of two parameters is possible (refer to chapter
2, step 8). For this analysis only the full resolution of the
global models (degree 2190) is considered. Figure 5 shows
the results for selected areas.

The results of the geoid slope differences confirm the
results of the geoid height differences (Table 3). All in-
termediate conclusions derived above also apply to the
geoid slope differences. Regarding the geoid slope differ-
ences with respect to the distances between two points
(Fig. 5, first row) one can identify some correlations of
the RMS values with the point distance classes. In many
cases larger RMS values are present for larger distances,
what seems to be plausible as errors accumulate along
the spirit levelling lines (even after subtracting a planar
correction surface). Therefore, this behaviour can be ad-
dressed to levelling errors rather than to long wavelengths
global gravity field model errors. For the interpretation of
the statistical results it is also important to take into ac-
count the number of differences available for a distance
class. This is shown by the black squares and the right
scales in the figures. For larger distances and height differ-
ences usually significant less samples are available, which
also can influence the RMS values. In general, larger RMS
geoid slope differences are present for larger height differ-
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ences. This is plausible for two reasons. First, spirit lev-
elling errors are increasing for larger height differences
and second, possible model deficiencies when computing
the residual topographic omission error might have some
impact as well. This can’t be explained at this point as
one would need better knowledge about local situations
related to point distribution and measurements. Regard-
ing the results for the Brazilian data set it can be con-
cluded that with the inclusion of the new satellite infor-
mation from GOCE to the new high resolution models, the
geoid slopes with respect to EGM2008 are significantly im-
proved for all distance classes and for all height differ-
ence classes. As EGM2008 already contains some GRACE
information the very long wavelengths of this model (cor-
responding to distances between GNSS-levelling points of
3000 km and more) are already determined with very good
accuracy. The RMS of geoid slope differences with respect
to the baseline orientation in contrast shows more pecu-
liarities. Related to this analysis it needs to be mentioned
that each GNSS-levelling point is combined with all oth-
ers. For this reason, a symmetric pattern with an offset of
180° orientation angle is caused. For all regions shown in
Fig. 5 there can be identified larger RMS geoid slope dif-
ferences for specific orientations. This is about 30° (210°)
in Germany and 140° (320°) in Brazil. Basically one could
suppose that larger geoid slope differences are related to
the orientation of the planar correction surface, which has
been applied (or its imperfect representation of possible
levelling errors). In the case of Germany, the slope of the
planar correction surface roughly has an orientation an-
gle (with respect to North) of 330° and is rotated by about
60° with respect to the peak of the geoid slope differences.
This might be an indicator that a planar correction sur-
face is not sufficient to eliminate possible systematic er-
rors. But a higher order correction surface can hardly be
explained by systematic errors of spirit levelling or GNSS
observations and neither by possible reference system dif-
ferences between the geometric and gravimetric observa-
tions. The same holds for the high resolution global mod-
els, where systematic problems related to the orientation
were not identified so far. More detailed analyses related
to correction surfaces are required by analysing also other
regional data sets, which is left for future work. For Ger-
many it is also remarkable that the two models incorpo-
rating new surface gravity information and the complete
GOCE and GRACE data (GOCE-OGMOC and PGM2017) ex-
hibit only minor variations for the geoid slope differences,
which points towards the conclusion that the levelling net-
work in Germany has hardly any systematic problems after
considering the planar correction surface (compare also to
Fig. 3).
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To further refine the analysis of geoid slope differ-
ences, in a final step, combinations of distance, height dif-
ferences and orientation classes are investigated. For this
purpose, geoid slope differences are sorted for combina-
tion of classes. For example, in case of a combination of
distance and height difference classes, all geoid slope dif-
ferences fulfilling both criteria are collected and statisti-
cally analysed (e.g. distance 100-200 km, height difference
200-250 m). For all possible combinations of two classes,
i.e. distance and height difference, distance and orienta-
tion, height difference and orientation then RMS values
of geoid slope differences are computed. The results are

shown in Fig. 6 and 7 for two selected regions and two high
resolution models. The regions were chosen such, that on
one hand the region with the most precise GNSS-levelling
data set was selected (Germany, data set GO7) and on the
other hand the region were the largest impact of new high
resolution global models is visible (Brazil, data set GO2).
As global high resolution gravity field models according
to Table 3 the worst model (EGM2008) and the best model
(GOCE-OGMOC) were chosen. In general, the results show
similar behaviour as for the single class analyses. By hav-
ing a closer look to the results one can identify a few addi-
tional characteristics for the two regions.
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For Germany (Fig. 6) the following can be observed:

- The distance versus height difference analysis (1%
row) shows a more systematic pattern for GOCE-
OGMOC than for EGM2008. For example, one can
identify a line from class 50 km distance (correspond-
ing to distances in the range from O to 100 km) and
225 m height difference (corresponding to height dif-
ferences between 200 to 250 m) to 650 km distance
and 775 m height difference. Below this line the RMS
values are at the 12 cm level while above this line
RMS values are around 3 cm. Such a line cannot be
identified for the EGM2008 model. This means that
the GOCE-OGMOC model has a very good performance
for distances corresponding to the satellite informa-
tion disregarding the height differences, but its per-
formance is getting slightly worse for the shorter dis-
tances, which are dominated by the terrestrial data.
Here EGM2008 performs better.

— The distance versus orientation analysis (2" row)
shows the generally better consistency of the GOCE-
OGMOC model versus EGM2008 related to both
parameters. For GOCE-OGMOC one can only identify
a few classes with increased RMS values, which might
point towards problematic GNSS-levelling geoid
heights contributing to these classes. This tool might
be usable to identify suspected GNSS-levelling points
with larger uncertainty, which could be eliminated
before performing these comparisons.

—  From the height difference versus orientation analysis
(3" row) no such clear conclusions can be derived.
The patterns of larger RMS values are changing be-
tween both global models related to orientation, but
for GOCE-OGMOC there is some improvement visible
for smaller height differences independent of their ori-
entation. This supports the observations already made
above.

For Brazil (Fig. 7) in general the GOCE-OGMOC model per-

forms significantly better than EGM2008, which was al-

ready identified in all previous analyses. Apart from that

a few additional observations can be made from the com-

bined class analysis.

— The distance versus height difference analysis (st
row) exhibits that for EGM2008 there are large differ-
ences for medium distance classes and low height dif-
ference classes. As this distance range is dominated
by the satellite information this shows the impact of
GOCE data and partially of improved surface gravity
data.

— The distance versus orientation as well as height dif-
ferences versus orientation results show significant
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differences for the two high resolution models. While
for EGM2008 in both cases large RMS values of geoid
slope differences are visible for most orientation an-
gles for the GOCE-OGMOC geoid this reduces sig-
nificantly. Independent whether distance classes or
height difference classes are considered for GOCE-
OGMOC only two orientation angle classes exhibit
large RMS values (between 330° and 10° orientation
angle). As it is very unlikely that this is caused by
the global model or the GNSS observations one can
assume that the spirit levelling in some areas of the
Brazilian network is significantly degraded and that
there are inherent systematic errors in some levelling
lines. In this case these comparisons are more use-
ful to detect systematic problems in the spirit level-
ling rather than identifying systematic problems in the
global models.

In summary one can state that this type of analyses de-
livers interesting insight into possible problems or corre-
lations, which might be present in the global models, the
GNSS observations, the spirit levelling network or the es-
timated correction surface. But, it is difficult to identify
a single error sources just from these statistical analyses.
Only by a joint analysis of all comparisons one might be
able to identify the largest error source out of the four
contributors. Nevertheless, as the various examples have
shown, a joint interpretation of these results most likely
enables the identification of GNSS-levelling points, which
further-on can be excluded from the comparisons. This re-
quires additional tools to locate such problematic points,
which could be developed as a next analysis step.

6 Summary and Conclusions

The overall goal of the study was to evaluate the signal
content and the errors of GOCE-based high resolution grav-
ity field models. For this, geoid height differences in the
spherical harmonic domain to the pre-GOCE gravity field
model EGM2008 are computed and comparisons to a set of
independently observed GNSS-levelling geoid heights are
performed. In general, it can be concluded that with the
inclusion of the GOCE data (and also with a longer time
series of GRACE data) the quality of the global high resolu-
tion models has been significantly increased. In addition
to that new or improved surface and altimetric gravity data
further enhanced the quality, specifically in the higher fre-
quencies of the models. Nevertheless, when comparing the
results for the investigated models one can identify some
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Fig. 6. RMS of geoid slope differences for the EGM2008 and GOCE-OGMOC high resolution models with full resolution (degree 2190) and
GNSS-levelling points in Germany (data set G07). The RMS value is computed and shown for the combination of two classes. 1. Row: Dis-
tance and height differences, 2. Row: Distance and orientation (circles represent distance classes in steps of 100 km), 3. Row: Height differ-
ences and orientation (circles represent height difference classes in steps of 50 m).

problems which need to be considered for future devel-
opments. The following detailed conclusions are summa-
rized from the results.

1.

The long wavelengths (e.g. up to degree 60) are mostly
determined from GRACE satellite data. Therefore, a
GRACE model shall serve as the fundamental basis for
any high resolution gravity field.

The medium wavelengths up to degree 200 are dom-
inated by the GOCE satellite data. GOCE data are re-
sponsible for about 80% of the differences to the
EGM2008 model. As found by the GNSS-levelling com-
parisons, this represents real improvements in the
global models.

New and improved surface and altimetric gravity data
are responsible for about 20% of the differences of the
new models to EGM2008 in a global average. These
data dominate the differences in the spectral range
from degree 200 to 500. In a global average only a mi-
nor contribution of the improved data is visible in the
very short wavelengths above degree 500. But, for lo-
cal comparisons improved surface data play an impor-
tant role, as it is shown by the GNSS-levelling compar-
isons in Brazil.

GNSS-levelling geoid heights suffer from systematic
problems mostly caused by the spirit levelling. There-
fore, when comparing geoid heights from global mod-
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els to GNSS-levelling geoid heights a correction sur-
face needs to be applied. In this analysis for each re-
gional comparison a planar correction surface is esti-
mated and applied. In principle higher order correc-
tion surfaces could be considered, but one has to take
care not to absorb possible systematic problems from
the GNSS observations or the global high resolution
gravity field models. Therefore, we regard a planar cor-
rection surface as best approximation in this case.

Three classes of models can be identified when com-
paring GNSS-levelling geoid heights for the available
regional data sets with geoid heights computed from
the high resolution models. The EGM2008 model,
which doesn’t contain any GOCE data performs worst

istance classes in steps of 100 km), 3. Row: Height differences

for most regions. The GECO, SGG-UGM-1 and the
EIGEN6-C4 (all based on GOCE information) repre-
sent the middle class exhibiting partially better and
partially worse results compared to the average. The
GOCE-OGMOC and the PGM2017, which are based on
GRACE, GOCE and improved terrestrial and altimetric
gravity information in average perform best.

For refining the analysis of geoid differences various
degrees of truncation are applied to the high reso-
lution models. Thereby, the remaining omission er-
ror is computed from the most recent PGM2017 model
(and from a residual topographic gravity model). The
statistic of these differences confirm that up to degree
200 (may be 220) all models, which are using GOCE
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(and GRACE) information, perform significantly better
than EGM2008. For the Brazilian data set it is shown
that about 80% of the overall improvement can be at-
tributed to the inclusion of GOCE data, while the re-
maining improvements are caused by better surface
gravity data.

7. For the German data set the contribution of the GOCE
information is visible as well, but for the higher de-
grees, which are determined by the terrestrial grav-
ity data, the PGM2017 model performs worst. This is
unexpected and requires additional analyses as one
should expect that at least the level of improvement
from the GOCE data is kept for the full resolution of
the model as well.

8. Geoid slope differences between the global models
and the GNSS-levelling data are computed and statis-
tically analysed. RMS values of differences are com-
puted for distance, height difference and orienta-
tion classes. Results confirm the findings from the
pure height differences to a large extent, but also ex-
hibit some new features. Geoid slope differences in-
crease for larger distances and larger height differ-
ences, which can be attributed to spirit levelling er-
rors (not taken out by the planar correction surface).
Geoid slope differences with respect to their orienta-
tion show varying dominant angles for different re-
gional data sets. This means that larger errors exist
in the geoid slopes at specific directions, which most
likely can be attributed to the spirit levelling. But it
also can’t be excluded that other error sources are en-
tering there as well. This needs further studies in order
to gain a complete understanding of this process.

9. Geoid slope differences are further analysed by per-
forming statistics for combinations of distance, height
difference and orientation classes. In general, the re-
sults confirm the previous conclusions, but offer in ad-
dition the possibility to get a closer look into prob-
lematic areas. This tool mostly is applicable to identify
problems in GNSS-levelling observations.

Summarizing all results one can state that in areas with
good ground data coverage one can assume that the most
recent high resolution global gravity field models reach a
quality of 1.5 cm or better. This is shown by comparisons of
model geoid heights with the high quality GNSS-levelling
data set for Germany, where we reach RMS values of geoid
height differences (after subtracting a planar correction
surface) of 1.5 to 2.1 cm. This error is composed by spirit
levelling error, GNSS height error, commission error of
the global models and residual omission error. It is hardly
possible to disentangle the total error into its individual

T. Gruber and M. Willberg, Signal and error assessment of GOCE-based high resolution gravity field models =— 85

components, but in the case of Germany one can assume
that at least 0.5 cm of the total error is from other sources
than the global model. Consequently, a 1 cm geoid from
the global model seems to be feasible. For areas with less
good ground data coverage the situation is different, but
already with the satellite contribution the total error is
reduced drastically.
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