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Abstract

ESA (European Space Agency) has released a series of new-generation Earth gravity field models
computed from gradiometry and GPS observations carried out aboard the GOCE (Gravity field and
Ocean Circulation Explorer) satellite. In order to assess the quality of the new GOCE gravity fields,
the sensitivity of satellite gravimetry to the gravitational attraction of the topographic masses can be
exploited. This study uses topographic mass models to evaluate five generations of GOCE gravity
models, both globally and regionally. As model representing Earth’s topography, ice-sheet and water-
body masses we use the new RET2014 rock-equivalent topography model by Curtin University
(Perth). The gravitational potential of the RET2014 model is computed in spherical harmonics and in
ellipsoidal approximation (ellipsoidal topographic potential, cf. Claessens and Hirt 2013, JGR Solid
Earth, 118, 5991). We compare gravity from GOCE and from the RET2014 topography, whereby
similar signal characteristics are taken as a sign of quality for the GOCE gravity fields. Our topographic
evaluation shows a steadily improved agreement of the five model generations with topography-
implied gravity, and increase in GOCE model resolution. For the fifth-generation GOCE gravity fields,
full resolution is indicated to harmonic degree ~220 (90 km scales), and partially resolved gravity
features are found to degree ~270 (time-wise approach, TIM) and degree ~290-300 (direct approach,
DIR), As such, the 5™-generation GOCE models capture parts of the gravity field signal down to ~70
km spatial scales. This is a very significant improvement in satellite-only static gravity field knowledge
compared to the pre-GOCE-era. Our comparisons show that models from the DIR approach
improved relative to those from the TIM approach from the 2™ to the 5" generation, with DIR
offering the best short-scale performance (from degree 240 and beyond). Considering the
unprecedented gravity field resolution achieved, the GOCE gravity field mission performed beyond
the expectations. The GOCE gravity fields will serve as a de-facto-standard in a range of applications
encompassing geodesy, geophysics and oceanography.
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1. Introduction

Over a period of four years, European Space Agency (ESA)’s dedicated Gravity field and Ocean
Circulation Explorer (GOCE) satellite mission has measured Earth’s gravity field with unprecedented
spatial resolution from space (e.g., van der Meijde et al. 2015). Launched in March 2009, the GOCE
mission entered its operational phase in November 2009 and probed the gravity field till “mid 2012
from a nearly circular orbit (altitude of ~255 km and inclination of 96.7°). Additional measurements
were carried out during a low-flying mission phase at a lower altitude of ~255 to ~224 km (July 2012
to June 2013), and at ~224 km (June to October 2013).

The main instrument aboard the GOCE satellite was a satellite gradiometer for measurement of
gravity gradients (second derivatives of the gravitational potential), complemented by GPS-based
satellite-to-satellite tracking to enhance the gravity field recovery in the lower-frequency spectrum
(Drinkwater et al. 2003, Rummel et al. 2011, Bock et al. 2014). ESA’s GOCE-High-Level Processing
Facility (HPF) was used to produce a series of spherical harmonic GOCE gravity field models using
different data periods (first to fifth generation models), and processing strategies (e.g., Pail et al.
2011) known as time-wise approach (abbreviated as TIM) and direct computation approach (DIR), cf.
Section 2.

The spatial resolution of any gravity model from satellite observations is governed by Newton’s law
of gravitation implying attenuation of gravity signals with the square of the satellite height. Thus, a
particularly important constituent of the GOCE gravity observation is the gravity effect of those
masses which are closest to the satellite — the uppermost layers of the lithosphere and hydrosphere,
notably the topography, ocean water and ice masses.

The sensitivity of satellite gravimetry for the gravitational attraction of the topographic masses (e.g.,
Mahkloof and Ilk 2008, Janak and Wild-Pfeiffer 2010, Grombein et al. 2011, Hirt et al. 2012, Novéak and
Tenzer 2013) can be exploited to assess the quality of GOCE gravity fields. Good agreement among
gravity computed from Earth’s topography and measured by GOCE — e.g., in terms of signal
correlation —is a quality indicator for the satellite model. This particularly holds at shorter spatial
scales where the gravity field becomes strongly influenced by the topographic masses. Topographic
evaluation techniques are often used to assess the quality of satellite-measured gravity fields of the
terrestrial planets (e.g., Venus, Konopliv et al. 1999, Mars, Konopliv et al. 2011, and Moon, Lemoine
et al. 2014), and were shown to be useful for gravity fields from the GOCE mission too (Hirt et al.
2012).

Over most areas of Earth, the global topography is known with much higher resolution than the
resolution provided by the GOCE gravity models. Compared to model validation based on ground-
truth observations (with often regionally limited coverage, see several other papers in this volume),
topographic evaluation thus allows for a truly global feedback on GOCE from comparisons against the
global topography. However, comparisons between GOCE and the topography can be done
regionally too, which is useful e.g., over areas where ground-truth data is limited (e.g., Africa, South
America or Antarctica), cf. Hirt et al. (2012).

Besides the model evaluation, there are further major areas of application where the topography is

crucial for GOCE gravity applications. These include the computation of GOCE Bouguer gravity (e.g.,

Braitenberg 2013, Hirt 2014), and smoothing of GOCE gravity measurements (e.g., Jandk and Wild-

Pfeiffer 2010, Grombein et al. 2011, 2014). In both cases, gravity implied by the topography is

subtracted from GOCE gravity in order to highlight effects associated with mass-density anomalies

(Bouguer gravity), or to improve the quality of interpolation (smoothing). Topographic evaluation of
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GOCE gravity fields, as done here, uses differences between gravity from GOCE and from the
topography too, whereby a reduction in signal variability is taken as a sign of quality for the GOCE
gravity fields.

This contribution focuses on the global and regional topographic evaluation of five GOCE model
generations from the TIM and DIR approaches (Section 2). As model for the uppermost masses of
the lithosphere and hydrosphere we use the newly developed RET2014 rock-equivalent topography
model (http://ddfe.curtin.edu.au/models/Earth2014). This model represents the masses of Earth’s
topography, ice-sheets and water-bodies based on new or improved data sets (Section 3). The
gravitational potential of the RET2014 model is computed using a recently developed gravity forward
modelling technique (Claessens and Hirt 2013) that accounts for Earth’s ellipsoidal shape (Section 4).
It delivers the RET2014 gravitational potential in spherical harmonics and in ellipsoidal
approximation, which is rigorously compatible with the mathematical representation of GOCE gravity
field models.

In Section 5, gravity effects from the various GOCE models and from RET2014 are compared. This is
done both in terms of cross-correlation, and signal reduction rates which quantify the amount of
RET2014 gravity signals “observed” by GOCE. The comparisons are carried out as a function of the
harmonic degree, and with geographic specificity over various regions (global, land, oceans,
continents). This provides insight into (a) the spatial resolution of the GOCE models, (b) their
sensitivity for short-scale gravity recovery, and (c) the relative performance of the DIR and TIM
approaches over five model generations. Concluding remarks are given in Section 6.

Our paper builds upon the earlier study by Hirt et al. (2012) who evaluated the first three GOCE
model generations using an initial version of Earth’s RET (RET2011), and forward modelled gravity
effects in spherical approximation (e.g., Rummel et al. 1988). Compared to our earlier study, recent
progress includes (i) improved gravity forward modelling in ellipsoidal approximation, (ii) up-to-date
mass modelling through RET2014, and (iii) inclusion of five GOCE model generations. In order to
substantiate points (i) and (ii), earlier models of Earth’s topographic potential are included in this
study (cf. Section 3.2 and appendix A).

We acknowledge the many other studies concerned with evaluation of GOCE gravity field models
using a range of complementary evaluation techniques, e.g., comparisons against ground gravity
data (Gruber et al. 2011, Hirt et al. 2011, Voigt and Denker 2011, Tscherning and Arabelos 2011,
Abdallah et al. 2012, Guimaraes et al. 2012, Szucz 2012, Jandk and Pitoriak 2011, Sprlak et al. 2011,
2012, Rexer et al. 2013, Gerlach et al. 2013, Godah et al. 2014), against global gravity models (e.g.,
Pail et al. 2011, Hirt et al. 2011), other satellite-collected data (Hashemi Farahani et al. 2013), and
orbit comparisons (Gruber et al. 2011).

2. GOCE gravity models

ESA’s GOCE satellite mission has triggered a new era of gravity observation from space. The reason
for this advance is the sensitivity of GOCE’s main gravity sensor (a gravity gradiometer) to signals at
comparatively small spatial scales (up to ~ 80 km) w.r.t. to earlier satellite gravity missions such as
GRACE (up to ~ 150 km) and CHAMP. Since the launch of the GOCE satellite a multitude of gravity
field models incorporating GOCE gravity data have been published. Among the 26 listed models
(http://icgem.gfz-potsdam.de/ICGEM/, accessed September 2014), the most important are ESA’s
official GOCE gravity field releases, which are based on three different processing approaches known
as direct (DIR ; Bruinsma et al. 2010) , space-wise (SPW; Migliaccio et al. 2010) and time-wise (TIM;
Pail et al. 2010) method. The models are the result of the joint effort of ESA’s High-Level Processing
Facility (HPF), involving ten European universities and research institutes under the management of
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Technische Universitat Miinchen. For the details and further literature on the different processing
strategies we refer to Pail et al. (2011). The processing approaches follow different philosophies e.g.
regarding outlier detection, stochastic modelling, constraining, a priori information and combination
with other sources of gravity data (Table 1). Hence, the different models come with different
features and the user should carefully consider the choice of model based on the intended
application.

While the production of space-wise models has been abandoned after the release of the second
model generation in 2011, five model generations exist from each of the two other processing
approaches (DIR and TIM). The fifth generation models, released in mid-2014, are the final versions
of ESA GOCE models, as they incorporate the data of the entire operational mission time (November
2009 - October 2013), cf. Table 1. Detailed descriptions of the fifth-generation models are given in
Bruinsma et al. (2014) for DIR5 and in Brockmann et al. (2014) for TIMS5.

The previous generation models (1% to 4™) may be regarded as intermediate models because of two
reasons: (a) they incorporate only a certain period of GOCE observations and (b) the processing
strategies have been improved and were adapted to the mission’s circumstances in course of time.
An overview over the processing changes from the 1% to the 4" generation DIR and TIM models is
given in Rexer et al. (2013). The processing details for each release can be found in the respective
model header information and the additional data sheet (the latter has been released continuously
from the 3™ generation onwards). The 5" generation models incorporate 14 additional months of
GOCE observations w.r.t. to the 4™ generation models. The maximum degree and order has been
increased from 260 to 300 (DIR) and 250 to 280 (TIM). The DIR5 processing has been subject to two
major changes:

(1) the Kaula regularization in DIR5 now already starts from degree 180, whereas this
constraint was applied beyond 200 in DIR4;

(2) the low harmonic degrees (up to degree 130) in DIR5 (apart from SLR contributions) now
rely entirely on the ten years GRACE (release 3) normal equations of GRGS / CNES (Bruinsma et
al. 2009). The GFZ GRACE release 05 (Dahle et al. 2012), present in DIR4 between degree 55
and 180, has been taken out.

In contrast to the rigorous GOCE-only gravity models of the TIM group, DIR models shall yield
excellent performance over the entire spectrum. This is because they are full combinations of GOCE-
SGG (beyond degree 130), GRACE (Tapley and Reigber 2001) and LAGEOS (Tapley et al. 1993). The
latter two missions provide global gravity data of superior accuracy in the long wavelengths and are
therefore highly complementary to the GOCE sensors. The TIM models rely on GOCE’s GPS-SST
(satellite-to-satellite) tracking data only in the lower frequencies, which cannot ‘compete’ with
GRACE’s Ka-band measurements. Therefore the TIM5 model, similar to the previous TIM releases,
shows higher formal errors in the lower harmonic bands compared to DIR5. In the processing
strategy of TIM5 two changes can be found:

(1) an increased harmonic degree of the GPS-SST normal equations based on the short-arc
integral approach (now 150 compared to 130 in TIM4);

(2) the coefficients are now subject to Kaula regularization beyond degree 200 (previously
beyond degree 180).

However, the largest difference between the 5™ and the 4" generation models is not related to the
nature of the processing strategies but in the orbit lowering of the GOCE satellite, commenced in late
2012. In its extended mission phase GOCE has been incrementally manoeuvred to an orbit altitude of
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224 km (reached in June 2013) until the satellite’s deorbiting in October 2013. The orbit lowering
resulted in higher sensitivity for short-scale gravity signals, as the gravity attenuation effect is
mitigated (Bruinsma et al. 2013; Schack et al. 2014). Therefore (and because of additional data in
general), both 5" release models show significantly lower errors in the high harmonic degrees as well
as higher spherical harmonic resolutions. The evolution of the models from the 1** generation to the
5t generation shows a continuous improvement w.r.t to the respective predecessor model, e.g., in
terms of cumulative geoid errors (Fig. 1), which are derived from the formal errors of the models’
coefficients. Note that the magnitude of the formal error estimates of DIR releases (as provided
along with the models in terms of the coefficients' standard deviation) tend to be too optimistic in
general (pers. comm. Sean Bruinsma and Roland Pail). The observed magnitude of DIR errors (from
external validation) is rather in the order of TIM formal error estimates (Rexer et al. 2013).

Table 1. Main characteristics of all five model generations of the time-wise (TIM) and the direct (DIR) method;
GRACE: Gravity Recovery And Climate Experiment; SLR: Satellite Laser Ranging; GRGS: Groupes de Recherches
de Géodésie Spatiale; CNES: Centre National d’Etudes; GFZ: GeoForschungszentrum Potsdam; SGG: Satellite
Gravity Gradiometer; SST: Satellite-to-Satellite Tracking; DIR : GO_CONS_GCF_2 DIR (1,2,3,4,5); TIM :
GO_CONS_GCF_2_TIM (1,2,3,4,5).

Release Model Data period Effective  Lmax Auxilliary Release specific Model specific comment
date acronym data data used comment
[months] [years]
R1 2010 DIR1 2009/11/1 - 2 240 EIGEN5C - Combined solution making
2010/01/11 use of terrestrial data at
short scales
TIM1 2009/11/1 - 2 224 none pure GOCE-only solution
2010/01/11
R2 2011 DIR2 2009/11/1 - 8 240 ITG- - SGG: band pass filter 10-
2010/06/30 GRACE2010s 125 mHz
GOCE-SST up to 130
Exclusion of terrestrial data
TIM2 2009/11/1 - 8 250 none processing strategy
2010/07/05 unchanged w.r.t. previous
release-
R3 2011 DIR3 2009/11/1 - 11.5 240 GRACE: 6.5 - GRACE and SLR as normal
2011/04/19 SLR: 6.5 equations
TIM3 2009/11/1 - 12 250 none SGG: inclusion of V.-
2011/04/17 compo5nent
R4 2013 DIR4 2009/11/1 - 28 260 GRACE: 9 Increased SGG: inclusion of V-
2012/08/01 SLR: 25 accuracy on all component GRACE:
scales due to new GRGS/CNES and GFZ
Level-1b solutions
TIM4 2009/11/1 - 26.5 250 none processing SST: short-arc integral
2012/06/19 (Stummer et al. method up to 130 (Mayer-
2012) Gurr et al. 2006)
R5 2014 DIRS 2009/11/1 - 42 300 GRACE: 10 Increased GRACE : only GRGS/CNES
2013/10/20 SLR: 25 accuracy and Kaula: starting at 180
TIMS 2009/11/1 - 42 280 none spatial resolution SST: up to 150
2013/10/20 due to orbit Kaula: starting at 200

lowering.
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Fig. 1. Cumulative geoid height error of all generations of GOCE models of the direct (left) and the time-wise
(right) approach with the numerical values of the error at degree 200 (= intersection of model with black
dashed line) ; DIR: GO_CONS_GCF_2_DIR (1,2,3,4,5) ; TIM: GO_CONS_GCF_2_TIM (1,2,3,4,5).

3. Rock-equivalent topography (RET) and mass modelling
3.1 The new RET2014 model

To describe the masses of Earth’s visible topography, ocean water, lake water and ice masses based
on the newest data sets, the RET2014 model was developed as part of Curtin University’s Earth2014
suite of global Earth topography models (Hirt and Rexer 2015). RET2014 is a composite model that
represents ice and water masses as mass-equivalent layers of rock. RET2014 uses

(i) The 250m (7.5 arc-sec) release of the SRTM V4.1 topography (Jarvis et al. 2008) over land
areas between +-60° latitude,

(ii) the 2014 version 9 release of the SRTM30_PLUS (Becker et al. 2009) bathymetry model
over the oceans (30 arc-sec resolution)

(iii) Bedmap2 (Fretwell et al. 2013) bedrock, bathymetry and ice thickness data over
Antarctica (1 km resolution) and

(iv) The 1km-resolution Greenland_Bedrock_Topography V3 (GBT_V3) product (J.L. Bamber
2014, pers. comm., Bamber et al. 2013) over Greenland,

see Hirt and Rexer (2015) for full details. The RET2014 model is publically available via
http://ddfe.curtin.edu.au/models/Earth2014, allowing replication of our study. The procedures
applied to generate the RET2014 topography are largely similar to those used for the predecessor
models RET2012 and RET2011 (cf. Hirt 2013, Hirt et al. 2012). We computed RET heights H.; from

SRTM30_PLUS, Bedmap2 and GBT_V3 by compressing water and ice masses into RET using

Hrer = Hgep +£AH (1)
R
where Hggp is the bedrock, lake bottom or seafloor height (reckoned negative if below the geoid),

AH is the thickness of the ice or water body, Pr is the mass density of topographic rock, and o the

mass density of the ice or water body (see Table 2 for density values used). Over ice-covered water
bodies (e.g., ice shelves), ice and water are compressed and stacked via

6



HRET :HBED+IO_WAHW +&AH|' (2)

R PR

Anywhere over dry land, the heights of the topography are identical with RET heights. A spherical
harmonic series expansion of the RET2014 topography grid to degree and order 2,160 was generated
following the procedures outlined in Hirt (2013).

Table 2. Mass-density values used in RET2014

Mass body Symbol Mass density [kg m™]
Topography P 2670

Ocean water Lo 1030

Lake water oL 1000

Ice water yo 917

We acknowledge that even today the geometric knowledge of water bodies (bathymetry) is
incomplete over areas devoid of direct depth measurements (see Becker et al. 2009), this equally
holds for the lower boundaries of the ice-sheets (bedrock) over areas where direct ice thickness
measurements are absent or scarce (Fretwell et al. 2013). Further, all data sets used may be subject
to artefacts (e.g., spikes, data or interpolation errors), which are mostly of high-frequency nature. At
the spatial scales observed by GOCE (say 70 km and larger), these imperfections are assumed to be
rather uncritical for the topographic evaluation of the GOCE gravity fields.

3.2 Previous versions of RET models

As previous versions of Earth’s rock-equivalent topography, we include Curtin University’s RET2011
model (Hirt et al. 2012), and RET2012 (Hirt 2013) which were used in earlier topographic evaluations
of GOCE gravity fields. Both RET models are based on ‘older’ ice and bathymetry data compilations.
RET2011 relies on the DTM2006.0 spherical harmonic model of Earth’s topography and bathymetry
(Pavlis et al. 2007), while RET2012 as direct predecessor of RET2014 uses topography and
bathymetry from SRTM V4.1 and SRTM30_PLUS (version 7). Both predecessors use RET computed
from ETOPO1 (Amante and Eakins 2009) ice and bedrock data over Antarctica and Greenland (the
data of which is now superseded by Bedmap2 and GBT_V3). As further differences between the
three versions

- water masses of the major inland lakes are modelled in RET2014 and RET2012 (but not
RET2011),

- ice-covered water bodies are modelled in RET2014 (but not RET2011 and RET2012).

- the RET-compression over ice-covered land is partially erroneous in RET2011 and RET2012
where bedrock heights are below the geoid. The error in RET2011 and RET2012 affects those
fraction of the ice-sheets below the geoid which was incorrectly compressed by a factor of

(1- p, | pg) =0.65 instead of p, / p, ~0.35. In RET2014, all ice masses (below and above
the geoid) are compressed by p, / p; (Egs. 1 and 2).

Table 3 summarises the data sets used to generate the three generations of RET models.




Table 3. Data sources and detail of modelling for three generations of RET models

Input data \ RET RET2014 RET2012 RET2011

version (This work)

Land topography SRTM V4.1% SRTM ~2004-release”

Ocean bathymetry SRTM30_PLUS v9 SRTM30_PLUS v7 Smith and Sandwell
(~2004) bathymetry”

Inland bathymetry SRTM30_PLUS v9 SRTM30_PLUS v7 Not modelled

Antarctica — surface Bedmap?2 Bedmap1l®

Antarctica — bedrock Bedmap?2 Bedmap1l®

Greenland — surface GBT_V3 GLOBE topography®

Greenland — bedrock GBT_V3 NSDIC bedrock®

RET-modelling: ice ice-sheets, ice- ice-sheets

shelves,
RET-modelling: water oceans, major lakes, oceans, major lakes oceans
water below ice
(shelves, lake Vostok)

& artefacts detected and removed over Asia and other areas, as described in Hirt et al. (2014)
* as provided through the DTM2006.0 series expansion by Pavlis et al. (2007)
*as provided through the ETOPO1 topography model by Amante and Eakins (2009)

3.3 Role of isostatic compensation

It is well known that at large spatial scales (say ~100s to 1000s of km) the limited rigidity of the
Earth’s crust cannot mechanically support the load of the topographic masses (e.g., Watts 2011). This
phenomenon leads to isostatic compensation of the topography, i.e., a thickening of the Earth’s crust
below major mountain ranges. While the scientific foundation of isostasy is well established (see
Watts 2011), accurate and detailed modelling of the isostatic compensation masses is not
straightforward. Simplistic compensation models based on hypotheses such as Airy-Heiskanen or
Pratt-Hayford are capable of describing isostatic compensation effects in coarse approximation only
(Gottl and Rummel 2009). Observation-based crustal models describing the geometry of the crust-
mantle interface (Moho) do not reach much higher resolution than 1 degree (about 110 km) globally,
with lower resolution or dependence on gravity inversion over areas devoid of seismic Moho
observations (e.g., Crust 1.0, Laske et al. 2013). Hirt et al. (2012) tested a range of isostatic
compensation models, however, without improving the agreement between GOCE gravity and those
implied by the uncompensated topography. This supports findings of an earlier study by Tsoulis and
Stary (2005) who pointed out that “Neither the long- nor the short-wavelength parts of the observed
gravity field spectrum can be adequately explained by any of the existing isostatic models”.

In the absence of the sufficiently detailed and accurate isostatic compensation models, Earth’s
topography is treated as uncompensated in this evaluation study. At the spatial scales which are of
particular interest for the GOCE mission (say 100 km scales), surface topography should be in good
approximation uncompensated “beyond harmonic degree 200” (Wieczorek 2007), suggesting that
isostatic compensation is not too much of concern for our study.

While the main focus of our topographic evaluation study is not on isostatic compensation, we note
that GOCE observations are now being used to improve crustal models (see e.g., van de Meijde et al.
2015 and Reguzzoni et al. 2013) through gravity inversion. However, using these new GOCE-
dependent models to describe isostatic compensation masses for the purpose of GOCE evaluation is
not considered useful because it would be a cyclic procedure.
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4. Methods
4.1 Computation of gravity from topography

The effect of the rock-equivalent topography on the Earth’s gravitational potential, i.e. the
topographic potential, was modelled using the harmonic combination method (Claessens and Hirt
2013). This method applies forward modelling of the Earth’s topographic potential in the spectral
domain, and generates a set of spherical harmonic coefficients of the topographic potential. The
major advantage of this method over earlier methods (e.g., Rummel et al. 1988) is that it does not
rely on a spherical approximation of the Earth, but rigorously computes the gravitational potential
generated by topography referenced to a geodetic reference ellipsoid. In the harmonic combination
method, powers of the topographic heights are expanded into surface spherical harmonic series with

coefficients &,(Z:,)l

i} 1 [ ds\*

d‘EL]:I?L = Ef (Tj) Ynmd o (3)
g

where k is the power of the topography, o is the unit sphere, dy is the topographic height above the

reference ellipsoid measured along the direction to the ellipsoid’s origin, 7, is the ellipsoidal radius,

and Y,,,,, is the fully normalised (47-normalised) spherical harmonic function of degree n and order

m. The integration in Eq. (3) is performed in a spherical coordinate frame, using geocentric co-

latitude and longitude. Solid spherical harmonic coefficients of the topographic potential (%) are

then computed from a summation over these surface spherical harmonic coefficients (cfg:%) of equal
order m (Claessens and Hirt 2013)

n+3 o0 n+3 J
_ 4mtpb3 b\" n+3 (= : ini =
R — — 1)/ 2j 12j (k) 4
= @+ D+ 3) (R) kzl( k )Z)( D jz e Z,Knm dnsoim ()
= J= i=—j

where p is the mean density of the rock-equivalent topography (2670 kg m™= used here), b and e are
the semi-minor axis and first numerical eccentricity of the reference ellipsoid (GRS80 parameters
used; Moritz 2000), M is the Earth’s mass (5.9725810 x 10%* kg used), R is the reference radius of the

solid spherical harmonic series (6378137 m used), and I?,ff,’fj are fully normalised sinusoidal
Legendre weight functions. The latter can be computed recursively (see Claessens 2005, 2006, or
Claessens and Hirt 2013 for details).

In this study, the RET2014 model of rock-equivalent topography was used as input in the harmonic
combination method. The resulting model of the topographic potential was named dV_ELL_RET2014.
Like EGM2008 (Pavlis et al. 2012), this model has a maximum spherical harmonic degree of 2190,
containing (incomplete) coefficients beyond degree and order 2160 that are vital for accurate
evaluation of the topographic potential at high resolution (Claessens and Hirt 2013). In the
computation, the summation over k was truncated at k = 10, and the summation over j was
truncated at j = 30. Claessens and Hirt (2013) have shown this to be sufficient, as both series
converge fairly rapidly.

The gravitational attraction due to the topographic masses (in short: topographic gravity) can easily
be evaluated anywhere on or above the Earth’s surface from a topographic potential model such as
dV_ELL_RET2014. This can be done in ellipsoidal approximation (e.g. Claessens 2006, Barthelmes
2009) or in spherical approximation. Spherical approximation was used here as it is sufficiently
accurate for the purpose of this study. In spherical approximation, the topographic gravity §gropo is
given by



GM max (R n+1 _ _
89r0po(,0,2) = 3 Inme () (0 + 1) e B T (6, 2) (5)

where GM is the geocentric gravitational constant of the Earth (GRS80 parameter used; Moritz
2000).

4.2 Methodology for GOCE model evaluation

Following Hirt et al. (2012), we evaluate the GOCE model generations by comparing synthesised
gravity from (a) GOCE and (b) the dV_ELL RET2014 topographic potential model that is based on the
RET2014 topography. In all comparisons, gravity is computed in narrow spectral bands of 5 harmonic
degrees (e.g., degrees 6 to 10, 11 to 15, ... 296 to 300, or lower, depending on the GOCE model) in
terms of regularly spaced geocentric latitude-longitude grids of 10 arc-min spatial resolution. The
computation height is set to 10,000 m above the surface of the GRS80 reference ellipsoid. This places
the computation points safely outside the topographic masses where the field is non-harmonic.

The level of agreement between GOCE gravity 60,z and topographic gravity 00qpo is

quantified using cross-correlation coefficients (CCs)

_ Z (5gGOCE B 5_96005 )Z (59T0Po B %TOPO)
\/i(é‘gGOCE —09c0ce )2 Z (5gTOPO —0970p0 )2

and (signal) reduction rates (RRs)

RR = 1000/{1— RMS (6910po —5geoc5)j .
RMS (690p0)

CC (6)

where the symbols @GOCE and 5_9T0Po denote mean values and RMS is the root-mean-square
operator. CCs and RRs are computed as a function of (i) the GOCE model, (ii) the spectral band, and

(iii) selected regions (the seven continents, all land and ocean areas, and the globe, cf. Fig. 2). In all
cases we exclude

e all computation points located North of 83.3° and South of -83.3° latitude (these are areas
not directly observed by GOCE due to the satellite’s orbit inclination), as well as

e all computation points over Antarctica where bedrock elevations and ice-thicknesses depend
on GOCE (see Fretwell et al. 2013 and Fig. 2). This ensures independence between GOCE and
topographic gravity in our comparisons.

The two criteria CCs and RRs have the following testing power (after Hirt et al. 2012, Hirt 2014): CCs
quantify the similarity between GOCE and topographic gravity, with strong correlation (say CCs of 0.7
or more) indicating good quality of the GOCE gravity fields. Complementary to CCs, signal reduction
rates RRs quantify the portion of topographic gravity that is explained by the GOCE gravity
observation. RRs of “30% or higher indicate “substantial topographic gravity signals explained by the
GOCE observation” (Hirt 2014), while lower but positive RRs demonstrate that parts of the
(uncompensated) topographic gravity signal is observed by GOCE. Negative RRs occur when the
difference dQ;gpo MiNUs 0Pgoce POssesses higher RMS signal strength than 0 J;op, alone (cf. Eq.

7), indicating that GOCE and topographic gravity signals are largely unrelated.

Fig. 3 gives an example of §Q;qpg, 0Ugoce and the difference 0 9ropo Minus dQgoce Over the

Himalayas in spectral band of degrees 201 to 205 for three selected GOCE-TIM model releases. The
10



correlation and notable signal reduction are clearly visible, demonstrating a significant amount of
GOCE-captured topographic gravity signals.

Note that the presence of mass-density anomalies (with respect to the reference density of 2670 kg
m™) and any kind of modelling deficiency or observation error in §ggoce and 8G;op Prevent RRs

from approaching the theoretical maximum of 100 % (i.e., the GOCE-observed gravity signal d0goce

would be identical with the forward-modelled signal 6g;opo ). In practice, RRs do not exceed ~50%

over continental areas and ~65% over very mountainous regions at the spatial scales observed by
GOCE. CCs are capable of indicating the agreement between gravity signal patterns (lows and highs)
only, which however does not provide information on the agreement between gravity signal
magnitudes. The latter information is delivered by RRs.

Based on practical experiences, CCs and RRs are not computed for individual harmonic degrees. This
is because the presence of correlations among the GOCE SHCs — and among the topographic
potential SHCs (because of the underlying harmonic combination method, see Claessens and Hirt
2013) — would lower the mutual agreement between GOCE and topographic gravity. Computation of
CCs and RRs over narrow spectral bands (here 5 degree band-width) reduces this effect as well as
oscillations in the CCs and RR curves across the spectrum. Using spectral bands of few harmonic
degrees band-width is also common in other validation studies, e.g., Gruber et al. (2011).

Areas for GOCE evaluation

-150 -100 -50 0 50 100 150

Fig. 2. Areas for evaluation of GOCE gravity field models. Oceans (dark blue), land/continental areas (various
colours). Australia and New Zealand form the Oceania evaluation area. White areas over Antarctica indicate
where Bedmap2 bedrock depends on earlier GOCE releases (excluded in all evaluations). Grey areas indicate
the polar cap which is not directly observed by GOCE (excluded in all evaluations). Latitudes of this and all other
maps are in terms of in geocentric coordinates.
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Fig. 3. Gravity effects implied by the RET2014 topography (left), and by GOCE TIM1, TIM3 and TIM5 models
(middle column) in spectral band of degrees 201 to 205 over the Himalayas, differences between gravity from
dV_ELL_RET2014 and GOCE (right column). Color range is £10 mGal for all panels. The agreement between
dV_ELL_RET2014 and GOCE gravity is very good, with CCs in excess of 0.9 and signal reduction (RRs) larger than
60% over the most rugged area of Earth. From top to bottom, the improved agreement from TIM1 to TIM5 is
demonstrated. Residuals (right column) can be interpreted as a result of mass-density anomalies, and any kind
of modelling/measurement errors in both data sets.

5. Results
5.1 Global comparisons
General observations

Fig. 4 shows CCs and RRs computed globally for the five GOCE model generations from the DIR and
TIM approach. Fig. 5 provides the same indicators, however, separately for land and ocean areas. For
all models, RRs steadily increase to 30-35% around harmonic degree 150, showing that the GOCE
gravity observations explain a larger fraction of the gravity signal generated by the uncompensated
topography as the harmonic degree increases. Depending on the model generation (2" to 5%), and
computation approach (TIM vs. DIR), all models experience a drop in RR, the 2" generation around
degree ~160-170, the 3™ near degree ~180, the 4" generation around degree ~190 and the 5%
generation around degree 220 (seen in comparison to DIR1 which relies on terrestrial gravity data at
short spatial scales). The drop in RR indicates that the respective model starts to “lose” the gravity
signal, reflecting the effect of short-scale gravity signal attenuation at satellite height.
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Fig. 4. RRs (top) and CCs (bottom) of 10 GOCE models and ITG-GRACE2010s (black curves) computed against
dV_ELL_RET2014 near-globally (without polar regions and white areas shown in Fig 2). Indicators RR and CC are
shown as a function of the harmonic degree (horizontal axes).

Notwithstanding, most of the models show positive RRs near or at their formal model resolution,
showing that GOCE gravity captures topography-generated signals. Focussing on the 5™ model
generation which contains the 2012/2013 low-altitude observations, gravity from DIR5 (TIM5)
reduces the RMS strengths of topographic gravity by ~10% at degree ~265 (~260), with RRs still being
positive around degree ~275 (TIM5) and 285 (DIR5). This clearly demonstrates the presence of
gravity signals at scales as short as ~70 km in the 5™-generation GOCE model releases, albeit in
strongly attenuated form.

From Fig. 4 CCs are around +0.7 and larger over most of the spectrum, even at low degrees, and
reach maximum values somewhat larger than +0.8 around degrees ~215-220 for the 5" generation
GOCE releases. CCs start to drop around harmonic degrees ~160-170 (2"9), ~180 (3™), ~200 (4") and
~220 (5™ generation), which reflects the increased quality of the GOCE models due to more
observations, orbit lowering and improvements related to processing changes (see section 3). From
a comparison between CCs and RRs, there is no one-to-one relation between both indicators. CCs are
found to vary between +0.2 and +0.4 where RRs approach 0% in the high harmonic degrees.
Conversely, for the low and medium harmonics, CCs are at the +0.7 level, while RRs show a steady
increase (Fig. 4).

Comparison DIR vs. TIM

Both indicators allow discrimination between the short-scale performance of the DIR and TIM

approaches for given model generations (Fig. 4). For the 2" generation, TIM shows a better short-

scale performance than DIR from degree 160 and higher, which is seen by RRs being up to 10%-

points larger (e.g., around degree 200), likewise CCs being up to +0.05 larger. For the 3™ generation,
13



this behaviour is not so much pronounced anymore (RRs and CCs are close together, but with the
indicators for TIM3 slightly better than for DIR3, also see results in Hirt et al. (2012). With the 4t
model generation, there is a reversal in performance, with DIR4 offering the better short-scale
agreement with topographic gravity: DIR4 is found to be around 3-5%-points (RRs) and 0.02-0.04
(CCs) above those of TIM4 beyond degree 200 (Fig. 4 and 5). For the 5% release, DIR5 and TIM5 offer
a comparable performance against topographic gravity up to degree ~245-250. At very short spatial
scales (70-80 km, or harmonic degrees 250 to 290), however, gravity from the DIR5 model offers
better agreement with topographic gravity (5% advantage in terms of RRs, about 0.05 in terms of
CCs). Holistically, these observations suggest performance improvements of the DIR-approach
relative to the TIM-approach from the 2" to 5™ model generation.
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Fig. 5. As Fig. 4, but separate evaluations over the oceans (top panel), and land areas (bottom panel)
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Comparison land vs. ocean

Fig. 5 essentially shows a comparable performance of the GOCE models over oceans and land areas
(compare panel a with panel b), which suggests that the GOCE data quality is homogenous over land
and oceans. The comparable performance also provides a feedback on the topographic gravity
modelling, indicating similar quality of the RET2014 topography and dV_ELL RET2014 topographic
potential model over land and sea at the spatial scales observed by GOCE. RRs and CCs over land
show somewhat more variability than over the oceans which is due to the smaller amount of
computation points over land areas.

Comparison GOCE vs. GRACE

To demonstrate the steadily increased resolution of the GOCE gravity model generations, we have
included the degree-180 ITG-GRACE2010s gravity model (Mayer-Girr et al. 2010) as probably best
satellite-only model of the pre-GOCE-era. From Fig. 4 and 5, ITG-GRACE2010s (black line) effectively
resolves the gravity field to degree 160-165. Relative to the GRACE model, the 5" generation GOCE
gravity fields provide new satellite-only gravity data to degree ~220-230, with some information up
to degree ~300 (DIR5). The GOCE short-scale gravity signal recovery is exemplified for the DIR5-
release in Fig. 6 over the Himalayas. The GOCE gravity mission thus improves gravity maps (w.r.t
GRACE) in spectral band of degrees ~165 up to ~290, or at spatial scales of ~125 to ~70-80 km, which
is a very significant addition to our gravity field knowledge from satellite-only data.
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Fig. 6. Demonstration of DIR5 short-scale gravity signal capture over the Himalayas. Gravity from
dV_ELL_RET2014 (left), gravity from DIR5 (middle), differences dV_ELL_RET2014 minus DIR5 gravity (right) in
spectral bands 261 to 265 (a), 281-285 (b), and 296-300 (c). Color range is +10 mGal for all panels. Note that
subtraction of DIR5 gravity from dV_ELL_RET2014 gravity reduces RMS signal variability to some extent, even in
spectral band 296-300 (by 4.1 %).
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Model performances in medium degrees

Fig. 7 shows the RRs and CCs over medium harmonic degrees (same data as in Fig. 4, but enlarged).
From all models, the fifth model generation does not show the best performance over all harmonic
degrees, despite incorporating the largest amount of GOCE observations from all models. This is
evident in spectral window of degree ~150 to ~165, where DIR3, TIM3 and DIR4 offer higher RRs and
CCs with respect to the RET topography. This somewhat unexpected observation could suggest a
slight deterioration in quality of the 5™ model generation over the predecessor models in the mid
degrees. We also note that the TIM4 model shows lower RRs and CCs from degrees ~100 to ~170
compared to DIR4, TIM3 and DIR3, which is again not within the expectations, given the increased
amount of data used in the 4™ releases of the models. The interpretation of the above detected
degradation of the 5" model generations w.r.t. previous generations within the band ~150 to ~165 is
not easy, as there is a great variety of possible reasons to explain such a behaviour. Referring to the
model and release specific comments in table 1, we may say that

e in case of TIM5 no obvious explanation for the degradation exists, as processing changes did
not affect the band ranging from degree 150 to 180 (the same can be stated for the changes
of TIM4 w.r.t TIM3)

e in case of DIR5, the change to the CNES/GRGS GRACE solution from degree 55 to 150 may
explain for the behaviour in the affected band.

Note that the apparent degradation of the 5th model generations is very small (< 1% RR) in general
and does not limit the usability of the latest models.

5.2 Regional comparisons

Fig. 8 and 9 show the two indicators over six continents (Europe, Asia, North/South America, Africa,
Antarctica,), the Oceania region (Australia, New Zealand and surrounding islands), and Greenland as
a continent-like land mass. In comparison to the indicator curves over global areas (Fig. 4 and 5),

there are larger oscillations which reflect the effect of smaller numbers of data points over regional
areas. For better legibility, the performance of the 2"- 5" GOCE model generation are shown only.

The regional comparisons largely confirm the reported GOCE model characteristics, in that, the fifth
generation models seem to fully capture gravity field features to degree ~220, while partially
resolving the field to degree ~280. Over Africa, Oceania, and South America, DIR5 shows slightly
positive RRs towards degree 300, demonstrating the recovery of topography signals at ~70km scales.

Over all of the regions, DIR5 and TIM5 show are mostly comparable performance to degree ~250,
with somewhat higher RRs over Greenland, Oceania, Antarctica and Europe for DIR5. Beyond degree
250, a better short-scale performance is observed over most regions for DIR5. Depending on the
region and spatial scale, RRs reach peak values between 40-48% around degree ~220 (Asia, North
America, Europe, South America, Oceania), indicating a very significant portion of topographic gravity
signals that is explained by 5"-generation GOCE gravity. As for the prior global investigations, in
some regions the third generation models show slightly higher reduction rates than their successor
models in the spectral band of degree 150 to 180 (see e.g. Greenland, North America and Asia).
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Fig. 8. GOCE evaluation results over the Northern Hemisphere continental areas. For better legibility, only the
2" to 5% generation of DIR (dashed lines) and TIM (solid lines) approaches are shown.

6. Concluding remarks

The topographic evaluation technique was applied based on most recent topographic mass models
and ellipsoidal gravity forward-modelling techniques to evaluate five generations of GOCE gravity
field models from the DIR and TIM computation approach. The comparisons were performed over a
range of narrow spectral bands using signal reduction rates and cross-correlation coefficients as key
indicators. These indicate the level of agreement between gravity signal patterns and magnitudes
from the topographic masses, and the GOCE mission. The topographic evaluation showed a steadily
improved agreement of the five model generations with topography-implied gravity, and increase in
GOCE model resolution.

For the fifth-generation GOCE gravity fields, our comparisons indicate full resolution of the DIR5 and
TIM5 models to harmonic degree ~220 (90 km scales), and partially resolved gravity features to
degree ~270 (TIM5) and degree ~290-300 (DIR5), with variations from these values over some of the
continental areas tested. As such, the new GOCE models capture parts of the gravity field signal
down to ~70 km spatial scales. This is a very significant improvement in satellite-only static gravity
field data compared to the pre-GOCE-era, where the resolution of gravity from the GRACE mission
was limited to about ~125km spatial scales (degree ~170).
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Fig. 9. GOCE evaluation results over the Southern Hemisphere continental areas. For better legibility, only the
2" to 5% generation of DIR (dashed lines) and TIM (solid lines) approaches are shown.

Our comparisons showed that models from the DIR approach improved relative to those from the
TIM approach from the 2™ to the 5" generation, with DIRS offering the best short-scale
performance (from degree 240 and beyond). At degrees less than 240, gravity from DIR5 and TIMS5 is
largely comparable.

Considering the unprecedented gravity field resolution achieved, the GOCE gravity field mission
performed beyond the expectations. The GOCE gravity fields will continue to be used as a de-facto-
standard in a range of applications encompassing geodesy, geophysics and oceanography.
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Appendix A
A1l Performance of various topography/ topographic potential models vs. GOCE

While the main scope of this paper is evaluation of the new GOCE gravity fields from latest
topography, the evaluation technique can easily be ‘reversed’ by using GOCE gravity to provide
feedback on different models of Earth’s topographic masses and gravity computation techniques. We
use DIR5 as the highest-resolution GOCE model (cf. Section 5) to provide the reference in these
comparisons. Gravity is computed from a total of six topographic potential models developed over
the past years and used in different gravity field studies. The input topography models are
summarised in Table 3 and the derived topographic potential models in Table 4. These are the (i)
dV_SPH_RET2011, and (ii) dV_SPH_RET2012 topographic potential models, which are both based on
spherical approximation (i.e., use a mass-sphere as a reference, Rummel et al. 1988). The more
recently developed (iii) dV_ELL_ETOPO1, (iv) dV_ELL_RET2012 and (v) dV_ELL RET2014 topographic
potential models rely on the more advanced ellipsoidal approximation (i.e., use of a mass-ellipsoid as
a reference, Claessens and Hirt 2013).

Also included are the topographic potential coefficients of the (vi) Karlsruhe Institute for Technology
(KIT)’s Rock-Water-ICE model (Grombein et al. 2011, 2014) abbreviated here to dV_KIT_RWI. In
contrast to (i) to (v), the dV_KIT_RWI model does not use the concept of rock-equivalent topography,
but instead models the potential of topography, ocean water, lake water and ice masses via
volumetric layers without condensation. This approach is more accurate than the RET-compression,
because the geometry of mass bodies is not changed. The dV_KIT_RWI model was developed
through Newtonian integration in the space domain, followed by a subsequent harmonic analysis to
obtain solid SHCs of the topographic potential. While models (i) to (v) are based on spectral-domain
forward modelling, (vi) deploys forward modelling in the space domain. Fig. 10 shows the RRs and
CCs of the six models computed against the GOCE DIR5 release. While the indicators do not sense
notable differences in performance in the low harmonics (say to degree 50), the RR and CC curves
start to diverge around degree 100. For the two spherically approximated models RRs are clearly
lower than of all models in ellipsoidal approximation. This clearly shows that the ellipsoidal
approximation level (iii-vi) is more compatible than the spherical approximation with GOCE gravity
field models (reflecting that the actual mass distribution is more ellipsoidal than spherical),
particularly in the higher harmonic degrees. This effect is not so pronounced in the CC-curves, but
still visible (cf. Fig. 10).

The inter-comparison of the four ellipsoidal models reveals that the agreement between topographic
and GOCE gravity becomes increasingly better with the incorporation of newer topographic data sets
(compare dV_ELL_RET2012 with dV_ELL RET2014). The highest RRs against GOCE DIR5 are observed
for the new dV_ELL_RET2014 model, which particularly reflects the use of recent Bedmap2 data over
Antarctica. CCs sense these improvements too, with the differences between the CC curves less
pronounced than for RRs. The ETOPO1-based ellipsoidal topographic potential model shows RR and
CCs comparable to those of dV_ELL_RET2012, which reflects similar data sources used in the model
construction (cf. Table 3, differences are over the oceans and the SRTM releases over land).

RRs and CCs are mostly higher for the ETOPO1, RET2012 and RET2014-based ellipsoidal topographic
potential models than for the dV_KIT_RW!I model. This is most likely due to the use of newer data
sets in RET2012 and RET2014 (KIT_RW!I is based on the DTM2006.0 topography data base that
include topography mass models available in or before 2006). It also suggests that the RET-
compression in the dV_ELL RET2012 and dV_ELL_RET2014 models little affects the RRs and CCs
performance curves, so plays a minor role for the purpose of GOCE model evaluation. A detailed
study on the role of the RET compression effect in topographic evaluation of satellite-observed
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gravity fields would require the construction of “KIT-type” and RET-type” models from exactly the
same data, which is not possible here, so remains as a future task. In summary, Fig. 10 shows the
evolution of Curtin University’s topographic mass modelling, with notable improvements through (a)
the development and adoption of ellipsoidal forward modelling techniques, and (b) updates of the
mass models through use of most recent topography data sets.
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Fig. 10. Comparison of gravity from six topographic potential models against DIR5 over the near- global area
(used in Fig. 6) in terms of signal reduction rates (top), and cross-correlation (bottom).

Gravity from all models was evaluated in terms of geocentric coordinate grids 10,000 m above the reference
surface (sphere for models dV_SPH_RET2011/2012, and the GRS80 ellipsoid for the other models).

Table 4. Topographic potential models — input data and computation details

Potential model Input- Level of Rock-equivalent | Reference
Topography | approximation topography
(RET)
dV_SPH_RET2011 RET2011 Spherical Yes Hirt et al. 2012
dV_SPH_RET2012 RET2012 Spherical Yes Hirt & Kuhn 2012
dV_ELL RET2012 RET2012 Ellipsoidal Yes Claessens& Hirt 2013
dV_ELL RET2014 RET2014 Ellipsoidal Yes This work
dV_ETOPO1 ETOPO1 Ellipsoidal Yes Amante & Eakins 2009
dV_KIT_RWI DTM2006 Ellipsoidal No —direct Grombein et al. 2014
modelling
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