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Abstract: The AntGrav project, funded by the German Re-
search Foundation (DFG) has the main objective to ho-
mogenize and optimize Antarctic gravity �eld information. 
Within this project an evaluation procedure is needed to 
inspect all di�erent kind of gravity �eld surveys available 
in Antarctica. In this paper a suitable methodology is pro-
posed.
We present an approach for fast 3D gravity point data 
reduction in di�erent spectral bands. This is achieved 
through pre-calculating a �ne 3D mesh of synthesized 
gravity functionals over the entirety of the Antarctic con-
tinent, for which two di�erent global models are used: 
the combined satellite model GOCO05s for the long-
wavelength part, and the topographic model Earth2014 
for the shorter wavelengths. To maximize the applicability 
separate meshes are calculated for di�erent spectral bands 
in order to speci�cally reduce a certain band or a selected 
combination. All meshes are calculated for gravity anoma-
lies as well as gravity disturbances. Utilizing these meshes, 
synthesized gravity data at arbitrary positions is computed 
by conventional 3D interpolation methods (e.g. linear, cu-
bic or spline).
It is shown that the applied approach can reach a worst-
case interpolation error of less than 1 mGal. Evaluation 
results are presented for the AntGG grid and exemplary 
for the in-situ measurements of the AGAP and BAS-LAND 
campaigns. While general properties, large-scale errors 
and systematic e�ects can usually be detected, small-scale 
errors (e.g. of single points) are mostly untraceable due to 
the uncertainties within the topographic model.
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1 Introduction
An accurate and consistent knowledge of the gravity �eld
in Antarctica is crucial for many geophysical applications
and thus also for a better understanding of the geologi-
cal structures of the continent. In order to achieve this ob-
jective, Scheinert et al. (2016) presented a �rst continent-
wide collection of gravity �eld observations within the
AntGG grid, containing a majority of all accessible mea-
surements. In concrete, more than 13 million observa-
tions collected over the past decades covering about 73%
of the continent are included in the AntGG processing.
These measurement campaigns have been performed by
many di�erent countries using di�erent measurement
techniques and analysis methods. Thus, the entire collec-
tion of gravity observations is largely heterogeneous re-
garding:
– Spatial distribution: di�erent campaigns may show

di�erent spatial distribution patterns. As an example,
airborne campaigns usually have a high resolution in
the along-track direction, while the cross-track resolu-
tion mostly depends on the airborne campaign goals
(e.g. grid- vs. star-shaped). Terrestrial observations on
the other hand may show no clear pattern at all in-
cluding larger data gaps or even having just a one-
dimensional extent along a pro�le line.

– Observation type: as the earliest campaigns date
back to a time before global navigation satellite sys-
tems became available, the observed data had to be
processed in terms of gravity anomalies using physi-
cal heights, as ellipsoidal heights were more di�cult
to obtain. In contrast,modern airborne campaigns ob-
servations are usually processed using gravity distur-
bances and ellipsoidal heights.

– Post-processing: depending on the campaign, the
available input datasets may have already been post-
processed beforehand, meaning that one may be un-
able to reconstruct the raw observation data. This im-
plies that inconsistencies made in the post-processing
chains of di�erent surveys are di�cult to undo, es-
pecially since the metadata describing the processing
strategies is often missing. The most common post-
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processing steps of the observations in the datasets
are gridding and reduction to a reference surface (e.g.
ellipsoids, o�set-ellipsoids).

– Accuracy: the observation accuracy obtained by dif-
ferent campaigns can also be heterogeneous, as
it depends on instrumentation, transportation of
the instruments and the possibly inaccurate post-
processing.

– Spectral content: regarding the spectral content of
the data one also might observe varying behavior, es-
pecially in the higher frequency domain. This can be
attributed tomultiple reasons. E.g., whendealingwith
airborne gravity observation one must keep in mind
that due to �ight dynamics and limitations of the in-
struments the rawmeasurement data needs to be low-
pass �ltered down to several km wavelength. Also,
it is possible that during further postprocessing (e.g.
gridding, collocation) the data may have already been
spectrally limited.

As the aim of the AntGG grid is primarily to represent
the available gravity �eld information, no in-depth eval-
uation or homogenization of these datasets has been per-
formed so far. To tackle this circumstance and the fact that
new gravity data is available by now the German Research
Foundation (DFG) funded the so-called AntGrav project as
part of which this study is performed. The main purpose
of this project is to compute an optimally combined grav-
ity model from satellite and ground data for the Antarctic
continent. From this dataset amodel of the bedrock topog-
raphy shall then be derived bymeans of geophysical inver-
sion.

For the targeted combination of gravity datasets re-
liable knowledge about the actual accuracy and spectral
content of individual measurement campaigns is required
as well as the possibility to detect larger outliers and sys-
tematic e�ects. Thus, an adequate evaluation method is
needed, which is applicable on the wide range of di�er-
ent survey campaigns available in Antarctica. Themethod
shall therefore meet the following criteria:
– Consistency: the method shall be able to inspect all

di�erent kinds of campaigns independently of their at-
tributes and with unvarying evaluation quality.

– Independency: the evaluation method shall not be
correlated to the actual measurements (subject of ex-
amination) allowing to make assessments about their
correctness.

– E�ciency: asmillions of datapoints need to be evalu-
ated, the evaluation method shall be fast and e�cient
w.r.t. computation time and memory consumption.

– Correctness: obviously, the evaluation method shall
be as correct as possible by itself.

The technique presented in this studywill attempt to prop-
erly ful�ll all these demands. To accomplish this, wemake
use of:
– a preexisting gravity �eld model: reducing gravity

�eld information from a preexisting model and study-
ing residuals is a feasible (and always applicable)
method to examine gravity �eld observations. Such a
gravity �eldmodelmust be as independent and as cor-
rect as possible as well as o�er the highest possible
resolution. Further, it shall be given in the spectral do-
main in order to address the consistent adaption on
di�erent observation types (e.g. gravity anomalies and
disturbances).

– a fast synthesis method: having gravity �eld infor-
mation in the spectral domain, the transformation to
the spatial domain (synthesis) is a time-consuming
task when dealing with large scattered point datasets.
To reduce computation time, it is proposed to apply a
two-step synthesis method, where in a �rst step grav-
ity �eld information is pre-calculated on regular geo-
graphic 3D grids and then in a second step interpo-
lated on the individual scattered point positions.

In section 2 the used gravity �eld model SATOP1 is de-
scribed inmore detail, as it is generated speci�cally for the
purpose of evaluation. Section 3 describes the synthesis
method with all its characteristics. Subsequently, within
section 4 the newmethod is applied to examine the AntGG
grid. Finally, in section 5 examination results for two se-
lected in-situ measurement campaigns are presented.

2 The SATOP1 gravity �eld model
As explained in section 1, an independent gravity �eld
model shall constitute the basis of the evaluation method.
To be truly independent, the model shall not contain any
of the observations being evaluated. In the case of Antarc-
tica, thismeans that no terrestrial gravity �eld information
at all is to be included, because observations over Antarc-
tica are generally sparse (and barely overlapping) and are
target of the inspection itself.

Thus, the only available data sources left are satel-
lite models as well as topographic forward models. Both
sources show complementary spectral behavior: satellite
models are very accurate in the low frequency domain but
worsen with increasing resolution due to signal attenua-
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tion of the gravity �eld with altitude. Topographicmodels,
on the other hand, donot include lateral density variations
or isostatic e�ects, which leads to a decreased accuracy es-
pecially in the low frequency domain (cf. Fig. 1). Because
of these complementary characteristics it is logical to use
both data sources in a combined (SA)tellite-(TOP)ographic
model (hence called SATOP1).

For the combined model SATOP1, the satellite model
GOCO05s (Mayer-Gürr, 2015) and the EARTH2014 (Rexer et
al., 2016) topographic model are chosen (up to d/o 5480),
as both models include actual data sources and are based
onmature processing techniques. As an optimal combina-
tion method, a variance-based stacking on normal equa-
tion level in the spectral domain is applied, similarly to
the model SatGravRET14 (Hirt et al., 2016). This strategy
can be interpreted as regularization of the satellite system
with the topographic model as a-priori information. Math-
ematically, the combination can be described as:

xSATOP1 = CSATOP1

(
qGOCO05s + diag

(
var−1

EARTH

)
xEARTH

)
(1)

with

CSATOP1 =
[
NGOCO05s + diag

(
var−1

EARTH

)]−1
(2)

where NGOCO05s is the normal equation matrix and
qGOCO05s is the right-hand side of the GOCO05s model,
xEARTH represents the coe�cients and varEARTH the vari-
ances of the EARTH2014 model, and �nally, xSATOP1
describes the resulting SATOP1 model coe�cients and
CSATOP1 the corresponding covariance matrix.

Within the processing of SATOP1, the choice of a re-
alistic variance for EARTH2014 (varEARTH) is crucial, as it
controls the spectral transition from the satellite to the to-
pographicmodel. Since topographic forwardmodelling as
used in EARTH2014 does not provide any statistical mea-
sures for its result, one has to �nd a di�erentmethod to de-
rive model variances. For SATOP1 it is assumed that those
variances are mostly degree-dependent and hence can be
simpli�ed to degree-variances (no order dependency). The
degree-variances are then derived empirically from the
comparison to another independent model. In this case,
XGM2016 (Pail et al., 2018) is used:

varEARTHl ∼
l∑

m=−l

(
cEARTHlm − cXGMlm

)2

2l + 1 (3)

and cXGMlm denote the spectral coe�cients of the
EARTH2014 resp. XGM2016 models, with degree l and
order m (negative orders indicate sine-coe�cients). The
spectral characteristics of the models and the empirical

variances are visualized in Fig. 1a in form of gravity
anomaly degree-RMS.

(a)

(b)

Figure 1: Spectral characteristics of SATOP1 (in spheroidal-harmonics
at 4 km altitude): (a) degree-RMS of the satellite band in terms of
gravity anomalies. Dark blue: signal of SATOP1, orange: formal er-
ror of SATOP1, yellow: empirical error EARTH2014 (for regularization),
violet: di�erence EARTH2014-SATOP1, green: di�erence XGM2016-
SATOP1, light blue: SATOP1 cumulative formal error. (b) SATOP1 error
estimate in termsof gravity anomalies. Yellow: signal of SATOP1, light
blue: empirical error of SATOP1 (XGM2016-SATOP1), green: SATOP1
cumulative empirical error, violet: cumulative SATOP1 signal (unre-
duced), dark blue bars: aggregated SATOP1 errors within depicted
bands, orange bars: percentage of SATOP1 band signal reduction
(refers to right axis).

In contrast to preceding strategies (Hirt et al., 2016)
the combination of SATOP1 is performed purely in a
spheroidal-harmonic domain adopting the GRS80 refer-
ence system (Moritz, 1980, 2000) - all items in Eqs. (1), (2)
and (3) are given w.r.t. this domain. To accomplish this,
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Jekeli’s transform (Jekeli, 1981) is applied in a preceding
step to transform all input quantities into the spheroidal-
harmonic domain. Performing the degree-variance-based
combination within this domain is preferred, since the
coe�cient smearing (=correlation) between adjacent de-
grees (as implied by Jekeli’s transform) on (or near)
spheroidal surfaces is reduced. A second and perhaps
more important advantage is, that due to the same reason,
spectral band cuttings in the spheroidal domain do not
lead to truncation artefacts as e.g. seen inEGM2008 (Pavlis
et al. 2012)when omitting its highest degrees (e.g. d/o 2160
upwards).

Thus, the investigation of di�erent spectral bands in
the spatial domain (on or near the spheroid) is reasonable.
For the following synthesis six (spheroidal) spectral bands
([2-200], [201-359], [360-719], [720-1439], [1440-2159], [2160-
5480]) are selected. The �rst limit is chosen, as it repre-
sents an empirical upper boundary for a (nearly) satellite-
only solution, the latter limits correspond to spatial reso-
lutions commonly used in global gravity �eld modelling.
To be compatible with the spherical harmonic de�nition
of di�erent gravity �eld functionals, the speci�c bands are
truncated in the spheroidal harmonic domain and then
transformed into the spherical harmonic domain (Jekeli,
1981) for an ordinary synthesis.

Error estimations of the di�erent spectral bands (com-
mission errors) are shown in Fig. 1b: they are derived
in the same way as the formal errors of the EARTH2014
model by comparing SATOP1 against XGM2016 extended
by EGM2008 from d/o 720 up to 2159. Due to lack of in-
dependent comparison data, errors above d/o 2159 are ex-
trapolated. As expected, the largest contribution to the
commission error (at a simulated �ight altitude of 4 km)
occurs in the lowest topographic band (between d/o 201
and 719). While the estimated percentage of signal reduc-
tion stays widely stable (at about 60%), the gravity �eld
signal, and thus also the commission error, is attenuated
with increasing d/o.

3 The AGRID3D synthesis method
Performing a spherical harmonic synthesis up to d/o 5480
is a CPU-intensive task, especially when dealing with scat-
tered points, as Legendre polynomials need to be recalcu-
lated for every single observation. As pointed out in the
introduction, a two-step synthesis may be better suited for
the purpose of evaluating big data volumes.

Firstly, it exploits the advantage of regular grid syn-
thesis, where Legendre polynomials are only evaluated in-

dividually for di�erent latitudes, but not for every single
point (Sneeuw 1994). Thus, a geographic grid has to be
chosen as a base grid, because polar stereographic grids,
for instance, would feature varying latitudes for each grid
point.

Secondly, due to the fact that the minimal wavelength
is known to be limited (d/o 5480 corresponding to 2’ spa-
tial resolution), a 2-times oversampled grid is also known
to give good interpolation results, as it ful�lls the Nyquist-
Shannon sampling theorem (Shannon 1949). Having a pre-
calculated grid at hand, the computation time of the syn-
thesis problem scales linearly w.r.t. the number of points
being interpolated and is in contrast to the rigorous syn-
thesis (nearly) independent of the maximum d/o (i.e. the
number of support points).

Even though other methods exist for the upward con-
tinuation of the gravity �eld besides 3D interpolation
(e.g., Rapp (1997), Ivanov et al. (2018)), this method is
favourable as it is simple, robust, very fast, and the accu-
racy of the result is independent of the distance to the sur-
face (cf. subsection 3.2).

3.1 Properties and components of AGRID3D

The �rst step of the two-step synthesis is the calculation
of the regular 3D grid. The dimension of the grid has to be
chosen in a way which ensures that every point to be val-
idated is located safely within the grid boundaries. The �-
nal AGRID3D properties can be summarized as follows (cf.
Fig. 2):
– Grid extent: in longitudinal direction the grid ranges

from 0◦ to 360◦, in latitudinal direction from −60◦ to
−90◦, and in vertical direction from −1 km up to 6 km.
On every periodic limit, the grid was extended by 5
cells to avoid increasing interpolation errors near the
boundaries.

– Grid resolution: in order to ensure that the spherical
grid is oversampled a least twice, a latitudinal sam-
pling of 1’ is chosen. Adapting to meridian conver-
gence, the longitudinal sampling is reduced to 2’ at
−60◦ lat. and 4’ from ~ −75.4◦ southwards. This re-
duces the grid size andhence savesmemory space. For
the vertical component, a constant spacing of 200m is
selected empirically.

– Spectral bands: to enable also a spectral evaluation,
6 distinct grids are calculated for the di�erent spectral
bands as de�ned in section 2.

– Gravity �eld functionals: as all observation data of
the AntGG dataset (Scheinert et al. 2016) are given ei-
ther in the form of gravity anomalies or gravity distur-
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bances, dedicated sets of grids are calculated for these
two functionals.

Figure 2: Visualization of the grid properties of the AGRID3D dataset.
Notes: 1. Meridian convergence is considered. 2. Limits are extended
to simulated periodicity. 3. 2x Nyquist-frequency (for d/o 5400) is
guaranteed.

One complete 3D-grid (from −60◦ to −90◦) has there-
fore a memory size of∼ 4.1 GB (in double precision). This
marks also the recommendedminimumRAM requirement
of a system to performan interpolation based onAGRID3D.
Since di�erent grids are needed for the spectral bands (6x)
and gravity �eld functional (2x), the overall size of the
complete AGRID3D dataset is∼ 49 GB.

The computation of the grid itself is performed on re-
sources of the Leibniz Computing Center (LRZ). For the
stable calculation of the Legendre polynomials, methods
based on extended numbers (Fukushima, 2012) are used.

3.2 Interpolation performance

Based on the resulting AGRID3D dataset, the gravity val-
ues at arbitrary points within the extent of the grid are
obtained by interpolation. Within this study, a common
(tri-)cubic interpolation approach (Lekien and Mars-
den, 2005) is used, as it shows good performance (cf.
Fig. 4) while keeping memory requirements and calcula-
tion costs low. Before those interpolated points can be
used as evaluation reference, it must be veri�ed that the
interpolation method is accurate and in agreement with a
rigorous direct scattered point synthesis.

To prove the correctness of the interpolation method
itself (as required for the purpose of evaluation), it is pro-
posed to simulate a worst-case scenario, where all inter-
polated points are located at the maximum distance cen-

tered between the support points (cf. Fig. 3a). This leads
to a validation grid which is shifted by half the grid spac-
ing in all three directions relatively to AGRID3D. This vali-
dation grid is then evaluated with two di�erent strategies:
�rst, the SATOP1model is synthesized rigorously to get ref-
erence values (using all bands, d/o 2-5480). Second, the in-
terpolation based on AGRID3D is applied to obtain homol-
ogous values. Latter values are not only obtained using the
cubic approach, but also involving the widely used linear
and spline interpolation methods, enabling comparisons
between the di�erent techniques. As the �rst strategy is
assumed to be error-free, di�erences in the values of both
methods represent the interpolation error.

Statistical evaluations of those di�erences for di�er-
ent height layers and interpolation approaches are shown
in Fig. 4, and an example for the spatial distribution of the
cubic interpolation errors on a near-surface height layer
of 100 m is shown in Fig. 3b for the whole spectrum (d/o
2-5480). Generally, a strong correlation of the interpola-
tion error with high-frequency signals (e.g. due to moun-
tains) is evident. This implies that the interpolation er-
ror is also strongly correlated with height, since upward
continuation of the gravity �eld leads to an attenuation
of higher frequencies and thus reduced interpolation er-
rors. Empirically, this fact can also be seen in the statis-
tics (cf. Fig. 4). Although the spline-interpolation method
shows the best interpolation accuracy, the cubic approach
is more favorable, as the actual implementation requires
less memory and the performance is still within a reason-
able limit for the purpose of evaluation (as uncertainties
within the SATOP1 model are expected to exceed the inter-
polation error).

4 AntGG inspection
In a �rst application, the evaluation method is used to in-
spect the AntGG (Scheinert et al., 2016) grid. The AntGG
dataset consists of a polar stereographic regular surface
grid (ice layer including) of gravity anomalies with a spac-
ing of 10 km. The AntGG gravity anomalies are further
spectrally limited by an average operator to minimize
aliasing e�ects due to the grid sampling.

4.1 Reducing the SATOP1 model

The SATOP1 model is interpolated on the AntGG grid
points (using the cubic AGRID3D interpolation, see sec-
tion 3) for increasing spectral content (using the 6 bands
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(a) (b)

Figure 3: (a) Visualization of the validation concept. Interpolation grid points (shown in green) lie centered between support grid points
(shown in red). This is clari�ed by dashed green lines. The chosen setup leads to equal maximum distances of the interpolation point to
all surrounding support points (indicated by dashed purple lines). (b) Interpolation errors (in terms of gravity disturbances) for the cubic
interpolation approach on a 100 m height layer for the complete SATOP1 model (including all spectral bands).

Figure 4: Statistical characteristics of the AGRID3D worst-case sce-
nario errors for di�erent heights and interpolation strategies. Shown
are RMS (dotted), absolute maximum (dashed) and absolute 99.9%
quantile (continuous) for the linear (red), cubic (blue) and spline
(green) interpolation method. Using the cubic approach, on 100 m
height, 99.9% of all values are within ±2 mGal, on 2 km all values are
within this range.

as de�ned in section 2). The resulting grids are then sub-
tracted from the original AntGG grid to obtain residuals.
As the sources of the gravity data and the SATOP1 model
are assumed to be mostly independent, it is reasonable to
use these residuals for the purpose of cross-validation: if
they are small in a certain region, this is a strong indica-
tor that both datasets are correct (meaning that they are
error-free and encompass the same spectral content). Vice
versa, when residuals become larger, it should be kept in

mind that in principle no statement of the error source
can bemade. The di�erence could either result from errors
in the real observations, or from inadequacies within the
SATOP1model. However, the analysis of residualsmay still
help �nding suspicious data, while simultaneously reli-
ably identifying trustworthy data. Further, these residuals
can also be used to estimate the spectral content of AntGG
by inspecting statistical properties for di�erent band re-
ductions (cf. Fig. 5a).

Looking at the remaining standard deviation of the re-
ductions (cf. Fig. 5a), one can identify a minimum when
using SATOP1 up to d/o 719. Thus, it is deduced that the
spectral content of the AntGG grid is limited at approx. this
resolution. In fact, the AntGG grid is low-pass �ltered to
reduce aliasing e�ects on the 10 km spaced grid. Hence,
the d/o 719 reduction is concluded to �t best to the AntGG
data and is therefore chosen for further investigations. The
empirical covariances (cf. subsection 5.2) also support this
choice, although some longer distance patterns remain
due to discrepancies in the models (e.g. isostatic e�ects
or incomplete terrain data in SATOP1, errors in the AntGG
grid).

4.2 AntGG validation

Reductions using SATOP1 also include the error of the
topographic EARTH2014 model and therefore cannot be
directly used to validate other datasets. Nevertheless,
SATOP1 also consists of the high-accuracy satellite model
part up to about d/o 200 (cf. Fig. 1).
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(a)

(b)

Figure 5: Statistical properties of the AntGG-SATOP1 inspection: (a)
Standard deviation (blue) and mean (red) for varying maximum de-
gree of the SATOP1 model reduction from the AntGG grid. (b) Em-
pirical covariances depending on the spherical distance for di�er-
ent maximum degree reductions (200-359-719). Colored dots indi-
cate the scattering of the smoothed covariance functions (continuous
lines).

This issue can be exploited when applying a low-pass
�ltering to the datawhich attenuates gravity �eld informa-
tion above d/o 200. As the spectral truncation of the signal
in the frequency-domain is obviously not (easily) possible
(since the data is only available in the spatial domain),
Gaussian �ltering (Jekeli, 1981) is applied instead towidely
reduce the in�uence of the topographic model.

The spectral strength of the Gaussian low-pass �l-
tering is determined by the choice of the full-width-half-
maximum (FWHM) distance (cf. Fig. 7a). For a reliable re-
duction of signals beyond d/o 200 a distance of 80 km is
chosen. For a less reliable but higher resolution result a

(a)

(b)

Figure 6: (a) The AntGG grid as is with white areas where no data is
available. (b) Di�erence to SATOP1, limited to d/o 719.

second variant is calculated with 40 km FWHM. As an ex-
ample, the 80 km FWHM �ltered reduction is shown in
Fig. 7b: signals within this plot arise with high certainty
from errors in the AntGG datasets.

Within the Gaussian �ltering, the occurring �lter un-
certainties near data gaps are considered by weighting
down the signal in those regions. The �lter uncertainty it-
self is estimated through comparison of the complete with
the incomplete grid �ltering result of SATOP1 data.

In a next step the low-pass �ltered reductions (∆f )
can be further processed to derive a �nal error measure.
To achieve this, local standard deviations (s̄) are derived
applying weighted integrals once again using a Gaussian
kernel (WG). The appropriate formula can be summarized
as (Jekeli, 1981):

s̄ (θ, λ) :=
√(

WG * ∆f 2
)

(θ, λ) =

√√√√ n∑
i=1

WG
(
ψi , dFWHM

)
∆f 2
i

(4)

with the spherical distance:

cosψi = cos θ cos θi + sin θ sin θi cos (λ − λi) (5)
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(a)

(b)

Figure 7: (a) The impact of di�erent FWHM �lter distances (40 km
blue, 80 km red, 150 km yellow) in the spectral domain, depending
on the spherical degree. (b) Di�erence AntGG-SATOP, up to d/o 719
(cf. Fig. 6b), 80 km FWHM Gaussian �ltered.

As a suitable FWHM distance (dFWHM) for the Gaussian
kernel the same as for the low-pass �ltering is chosen. The
�nal results are shown in Fig. 8a (for 80 km FHWM) and
Fig. 8b (for 40 km). The latter may still contain some sig-
nals from the topographicmodel but also delivers a higher
resolution than the 80 km version.

Having these error estimates at hand, one may now
take an in-depth look into suspicious regions that show
larger deviations by inspecting the underlying gravity ob-
servation campaigns (see section 5)

5 In-situ evaluations
As mentioned in section 1, the presented examination
strategy is not only meant for application to already com-
bined and gridded datasets such as AntGG, but also to in-

(a)

(b)

Figure 8: AntGG error estimate (standard deviation) based on (a)
80 km resp. (b) 40 km FWHM low-pass �ltering.

situmeasurements from various gravity campaigns (as the
ones used in the AntGG grid). This has the advantage that
possible errors/outliers may be identi�ed on observation
level and therefore eliminated/correctedwithout in�uenc-
ing othermeasurements. To showcase the application, two
di�erent campaign types are selected: �rstly, a larger re-
cent airborne survey campaign named AGAP (Ferraccioli
et al., 2011) and secondly, an older ground measurement
campaign of the Antarctic Peninsula, named BAS-LAND
(Renner et al. 1985).

5.1 AGAP dataset

Within the Antarctica’s Gamburtsev Province (AGAP)
project, a comprehensive airborne gravitymapof theGam-
burtsev Subglacial Mountains was recorded during the
2008/09 �eld season with a line spacing of 5 km and tie-
line interval of ~33 km at a mean altitude of ~4 km. The
whole dataset consists of over 2million datapoints of grav-
ity disturbances.

Performing the same reductions as in subsection 3.1
(but now in-situ, on the actual point of measurement),
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(a) (b)

(c) (d)

Figure9: (a) Standarddeviation (blue) andmean (red) for varyingmaximumdegreeof theSATOP1model reduction from theAGAPobservations.
(b) Empirical covariances depending on the spherical distance for di�erent maximum degree reductions (200-359-719-5400). (c) The AGAP
observations as provided. (d) Di�erences to SATOP1 up to d/o 5400.

the results are shown in Figs. 9a-d: Looking at the statis-
tics (Figs. 9a-b), the reduction performance can be consid-
ered outstanding while keeping in mind that from d/o 200
upward only topographic forward modelling is used. This
also suggests a lack of higher frequency isostasy (beyond
d/o 200) in this region (maybe due to the glacial coating).
The covariances (Fig. 9b) show an expected behavior: the
steepness towards the �rst minimum increases and the os-
cillation around 0 decreases with a higher reduction de-
gree.

A visual inspection of the dataset (Figs. 9c-d) reveals
no obvious errors or outliers. Also, the detected o�set of
2 mGal (Fig. 9a) meets the expectations. Thus, it can be
summarized that the AGAP data is most probably very
trustworthy. Further, it can be seen (Fig. 9a and visually
in 9c) that the spectral content is not signi�cantly limited
below d/o 2159 (e.g. due to �ltering of airborne data).

It is worth mentioning that due to the use of AGRID3D
in combination with the cubic interpolation approach, the
reduction of the 2 million observation points can be calcu-
lated within a second on a standard PC.

5.2 BAS-LAND

In contrast to the AGAP campaign, the BAS-LAND dataset
contains groundmeasurements of the Antarctic Peninsula
(cf. Fig. 10c) from the pre-GNSS era. This leads to an intro-
duction of some new error sources.

Firstly, the geolocalization of points is probably less
accurate especially in the vertical direction, as this co-
ordinate refers to an orthometric height. Consequently,
the observations are given in terms of gravity anomalies.
For the reduction with AGRID3D, a (quasi-)geoid model
is therefore needed to convert the physical coordinates
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to geometric ones. To maintain consistency, this (quasi-
)geoid is calculated correspondingly also from the SATOP1
model, introducing on top of all other e�ects its own
(height-)uncertainty.

Further, terrestrial observations in general include
more higher-frequency content than airborne measure-
ments, as no upward continuation is embedded. For the
airborne data it can be assumed that due to the common
�ight altitudes notmuch signal above d/o 5400 is left. This
may not be true for terrestrial measurements, especially
in mountainous regions (as the Antarctic Peninsula). So,
even if the SATOP1model were totally correct, there would
still be gravity information above d/o 5400 that is not cov-
ered by the model.

Another aspect to consider, altough the e�ect is con-
sidered to be minor, is the possible temporal variability
of the gravity �eld signal, as the BAS-LAND data was
recorded about 30 years prior to the SATOP1 data. Vari-
able ice-thicknesses may introduce changes in the gravity
�eld above mGal-level, as 25 m ice thickness corresponds
to roughly 1 mGal Bouguer gravity (without considering
glacial isostatic rebound, variable ice densities etc.).

Finally, the overall consistency of the data may be not
as good as from airborne campaigns since e.g. uncertain-
ties due to drift e�ects of relative gravimeters increasewith
time and transportation conditions, two in�uence factors
that are generally unknown for many terrestrial datasets
(even though Renner et al. 1985 provide some hints for the
actual campaign).

When looking at the statistics of the residuals after re-
ducing SATOP1 (Fig. 10a), it can be seen that the standard
deviation is twice as high as in the AGAP dataset. This is
not surprising regarding all the additional error sources
mentioned above. Nevertheless, the behavior of the empir-
ical covariances (Fig. 10b, �rst minimum positive) implies
some systematic e�ects. These e�ects can also be found in
Fig. 10d as longer wavelength e�ect (positive in the moun-
tains, negative over the ocean). As there could be di�er-
ent reasons for this phenomenon, no clear assertion can
be made in this case. A common cause for such e�ects in
terrestrial observationsmay be the systematics introduced
through the choice of the measurement site (e.g. measur-
ing through valleys, not over crests). The fact that with in-
creasing reduction degree the e�ect decreases (cf. Fig. 10b)
supports this theory (as unilateral measuring can be inter-
preted as source for aliasing).

Beside the longer-wavelength pattern, a strongly neg-
ative measurement track (marked in Fig. 10d) can be iden-
ti�ed. As there is no obvious reason in this case (e.g. higher
mountains) and the cut in the track is abrupt, a gross er-
ror in the observations seems reasonable. The presence of

the higher mean value (Fig. 10a) of over 20mGal is not un-
usual for a campaign dating back to a time when the tie to
global gravity reference systems was not easy to establish
(especially in Antarctica).

6 Conclusions
It is shown (through section 3b, 4 and 5) that the presented
evaluation approach widely ful�lls the demands stated in
section 1. Thus, the method is �t for application to further
datasets, with the �nal objective to inspect all datasets in-
cluded in theAntGGdatabase aswell as all other campaign
data available. The examples in section 5 were chosen to
be most di�ering in terms of campaign type and therefore
represent themajority of the available datasets. Thus, indi-
vidual campaign examinations will be performed, accord-
ingly.

After the evaluation and correction phase of the data
is �nished, the SATOP1 reductions can be reused for
the remove-compute-restore procedure within the least
squares collocation approach when producing the �nal
regional gravity �eld solution. This is possible since the
SATOP1 reductions rely on a spectral model and thus can
be adapted consistently to all di�erent kinds of gravity
�eld functionals on arbitrary points in space.

Further, with the SATOP1 model (section 2) two in-
novations are introduced: �rstly, the regularization of the
satellite model was performed based on spheroidal har-
monic degree variances, minimizing errors due to an im-
plicit downward continuation (towards the poles). Sec-
ondly, spectral bands were cut out also in the spheroidal
domain in order to avoid truncation e�ects (in contrast to
band limitations in the spherical domain).

In summary, it can be concluded that the overall eval-
uation performance of the presented approach strongly
depends on the dataset at hand – sparsely distributed
terrestrial datasets are more di�cult to inspect, as they
generally feature a lower spatial density while their spec-
tral content is higher (in comparison to airborne observa-
tions). This inevitably leads to more aliasing, preventing
assessments on small scales (e.g. single points) and pos-
sibly also on larger scales (although gross errors may still
be detectable, c.f. subsection 5.2). Dense airborne datasets
on the other hand are easier to validate for the same rea-
son, even though there is the additional di�culty with
the (mostly unknown) low-pass �ltering embedded in the
data.

Finally, it is important to mention that neither the
gravity �eld model nor the synthesis method presented
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(a) (b)

(c) (d)

Figure 10: (a) Standard deviation (blue) and mean (red) for varying maximum degree of the SATOP1 model reduction from the BAS-LAND
observations. (b) Empirical covariances depending on the spherical distance for di�erent maximum degree reductions (200-359-719-5400).
(c) The BAS-LAND observations as provided. (d) Di�erences to SATOP1 up to d/o 5400, mean value subtracted.

is restricted to the Antarctic region; one is free to use
this evaluation strategy globally for nearly all gravity �eld
functionals/observations. The application might be rea-
sonable especially in other sparsely surveyed regions (e.g.
Africa or parts of Asia).
Acknowledgements: This work was supported by the
Deutsche Forschungsgemeinschaft (DFG) in the frame-
work of the priority programme "Antarctic Research with
comparative investigations in Arctic ice areas" by the
grants PA 1543/18-1 and SCHE 1426/24-1.

References
Ferraccioli F., Finn C. A., Jordan T. A., Bell R. E., Anderson

L. M. and Damaske D, 2011, East Antarctic rifting triggers
uplift of the Gamburtsev Mountains, Nature, 479, 388-392.
doi:10.1038/nature10566

FukushimaT., 2012,Numerical computationof spherical harmonics of
arbitrary degree and order by extending exponent of floating point
numbers, J. Geod., 86, 271-285. doi:10.1007/s00190-011-0519-2

Hirt C., Rexer M., Scheinert M., Pail R., Claessens S. and Holmes S.,
2016, A new degree-2190 (10 km resolution) gravity �eld model
for Antarctica developed from GRACE, GOCE and Bedmap2 data.,
J. Geod., 90, 105-127.

Ivanov K. G., Pavlis N. K. and Petrushev P., 2018, Precise and e�cient
evaluation of gravimetric quantities at arbitrarily scattered points
in space, J. Geod., 92, 779-796. doi:10.1007/s00190-017-1094-y

Jekeli C., 1981, Alternative methods to smooth the Earth’s gravity
�eld, retrieved from http://adsabs.harvard.edu/abs/1981amse.
book

Lekien F. and Marsden J., 2005, Tricubic interpolation in three
dimensions, Int. J. Numer. Methods Eng., 63, 455-471.
doi:10.1002/nme.1296

Mayer-Gürr T., 2015, The combined satellite gravity �eld model
GOCO05s, EGU General Assembly Conference Abstracts, 17, p.
12364.

Moritz H., 1980, Geodetic reference system 1980, Bulletin Geode-
sique, 54, 395-405. doi:10.1007/BF02521480

http://adsabs.harvard.edu/abs/1981amse.book
http://adsabs.harvard.edu/abs/1981amse.book


40 | P. Zingerle, R. Pail, M. Scheinert, and T. Schaller

Moritz H., 2000, Geodetic Reference System 1980, J. Geod., 74, 128.
doi:10.1007/s001900050278

Pail, R. Fecher T., Barnes D., Factor J. F., Holmes S. A., Gruber T.
and Zingerle P., 2018, Short note: the experimental geopotential
model XGM2016, J. Geod., 92, 443. doi:10.1007/s00190-017-1070-
6

Rapp R. H., 1997, Use of potential coe�cient models for geoid undu-
lation determinations using a spherical harmonic representation
of the height anomaly/geoid undulation di�erence, J. Geod., 71,
282-289. doi:10.1007/s001900050096

Rexer M., Hirt, C. Claessens, S. and Tenzer R., 2016, Layer-Based
Modelling of the Earth’s Gravitational Potential up to 10-km Scale
in Spherical Harmonics in Spherical and Ellipsoidal Approxima-
tion, Surv. Geophys., 37, 1035. doi:10.1007/s10712-016-9382-2

Scheinert M., Ferraccioli,F., Schwabe J., Bell R., Studinger M.,
Damaske D., Jokat W., Aleshkova N., Jordan T., Leitchenkov
Blankenship G. D. D., Damiani T. M., Young D., Cochran J. R.,
Richter T. D., 2016, New Antarctic gravity anomaly grid for en-
hanced geodetic and geophysical studies in Antarctica, Geophys.
Res. Lett., 43, 600-610.

Shannon C. E., 1949, Communication in the Presence of Noise, IEEE
Proceedings, 37, 10-21. doi:10.1109/JPROC.1998.659497

Sneeuw N., 1994, Global spherical harmonic analysis by least-
squares and numerical quadrature methods in historical perspec-
tive, Geophys. J. Int., 118, 707-716.


	1 Introduction
	2 The SATOP1 gravity field model
	3 The AGRID3D synthesis method
	3.1 Properties and components of AGRID3D
	3.2 Interpolation performance

	4 AntGG inspection
	4.1 Reducing the SATOP1 model
	4.2 AntGG validation

	5 In-situ evaluations
	5.1 AGAP dataset
	5.2 BAS-LAND

	6 Conclusions

