Bollettino di Geofisica Teorica ed Applicata Vol. 59, n. 3, pp. 267-284; September 2018

DOI 10.4430/bgta0242

ABSTRACT

Validation of recently released GOCE-based satellite-only
global geopotential models over the Red Sea
using shipborne gravity data

A. Zaki'?, A.H. Mansi?4, M. RaBaH® and G. EL-Fiky'-®

! Construction Engineering and Utilities Department, University of Zaqazig, Egypt

2 Department of Civil Engineering, Higher Institute of Engineering in EI-Shorouk City, Cairo,
Egypt

3 Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Pisa, Italy

4 Department of Civil and Environmental Engineering, Politecnico di Milano, Italy

5 Department of Civil Engineering, University of Benha, Egypt

¢ Higher Institute of Engineering, Belbeis, Egypt

(Received: 5 March 2018; accepted: 31 July 2018)

The gravity field and steady-state ocean circulation explorer (GOCE) satellite,
successfully concluded its mission in October 2013 after collecting unprecedented
gravity gradient measurements. Such GOCE data made it possible to improve the
determination of the geoid over the Red Sea region. The performance of GOCE-based
satellite-only global geopotential models (GGMs), at the end of its mission, is evaluated
via spectral analysis and by using shipborne free-air gravity anomalies collected over
the study area, namely the Red Sea. Eight of the most recent GOCE-based satellite-
only GGMs, namely the DIR_RS5, ITU GGC16 2, SPW_R5, TIM_R5, NULP_02S,
IfE_GOCEO05s, IGGT_R1, and GGMO5G, are validated. Firstly, the spectral analysis of
these GGMs was performed. The DIR_RS5 model showed a superior behaviour, in all
terms, in comparison to all the investigated GGMs. Then, the GGMs were evaluated,
from spherical harmonics degree/order (d/o) ranging from 100 to their maximum d/o,
with respect to the shipborne gravity data after applying the spectral enhancement
method, to overcome the existing spectral gap. All the studied GGMs closely calculated
the full power of gravity anomaly at a spherical harmonic d/o equivalent to 160.
Regardless of the cross-comparable results obtained by the DIR_RS, TIM RS, SPW
R5,ITU _GGC16 2, and IfE_GOCEOQSs, whose standard deviation (STD) values of the
differences with respect to shipborne data range from 9.90 and 9.93 mGal, the SPW _
R5 model produced the best results with discrepancies characterised with a minimum,
maximum, mean, and STD of -56.26, 131.29, 2.07, and 9.90 mGal, respectively.

Key words: GOCE, shipborne gravity, Red Sea, satellite-only Global Geopotential Models.

1. Introduction

The Red Sea is one of the most important semi-closed waterbodies and its current circulation
is one of the most unexplored research field in the northern hemisphere (Rasul ef al., 2015).
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The gravity field and steady-state ocean circulation explorer (GOCE) mission, launched in orbit on
March 2009 and lasting 42 months, successfully collected leading gravity gradient measurements
until October 2013 (Bingham et al., 2011). As indicated by its name, the main objective of the
GOCE is the determination of the ocean circulation. GOCE provided the scientific community
with an unprecedented gravity field for the Earth, in terms of accuracy, more than ever (Haines
et al., 2011), so its estimates of the geostrophic currents, in turn, can improve those currents
obtained with other satellite missions.

However, semi-enclosed seas, like the Red Sea, are a real challenge for GOCE, since the spatial
scales of their structures are, generally, smaller than in the open ocean as well as also being smaller
than the expected resolution of GOCE models. Therefore, the study of the geostrophic currents
of the Red Sea is considerably complicated and necessitates the availability of a precise geoid
with extremely high-resolution and accuracy. The determination of such a high-resolution geoid
for marine regions requires integrating heterogeneous gravity data sets provided by different data
platforms, e.g. global geopotential models (GGMs), satellite altimetry, and shipborne gravimetric
observations, for instance. For more details, the interested reader can consult Kirby and Forsberg
(1998); Hwang et al. (2002); Novak et al. (2003); Hirt et al. (2010); Zaki (2015); Braitenberg et
al. (2016); El-Ashquer et al. (2016, 2017); Sampietro et al. (2016, 2018a, 2018b); Mansi et al.
(2018) and Sobh et al. (2018).

With regards to the Red Sea, Zaki et al. (2018) filtered the shipborne gravity data, provided
by the Bureau Gravimétrique International (BGI) (where no metadata were made available on the
accuracy of the observations), and used it to assess the performance of the recent releases of various
GGMs, i.e. satellite-only and combined models as well as satellite altimetry data. The EGM2008
showed the best results with differences characterised with a mean value of 1.35 mGal (1 mGal
= 1.0x10° mxs?) and a standard deviation (STD) of 11.11 mGal [after applying the spectral
enhancement method (SEM)]. However, the EGM2008 is affected by several biases mainly due
to datum inconsistencies and variability of the input observations density and accuracy (Pavlis et
al., 2008, 2012). The GOCE-based satellite-only GGMs, apart from being more accurate in the
medium frequencies (where the effects of the biases in the EGM2008 are bigger), are not affected
by local biases since they were developed using globally homogeneous data referred to a unique
geocentric ellipsoid: the effects of different data sources and inconsistent height data are therefore
absent.

Hence, the challenge is to improve the EGM2008 model by exploiting satellite-only GGMs,
specifically based on GOCE data. The quality and performance of the GGMs do not vary only
depending on the spatial location of the Earth but also on the different bands of the spectral
expansion. Therefore, the spectral validation and the assessment of the GGMs using in-situ data
are essential to improve their performances over the study area. Moreover, both the spectral
evaluation and the quality assessment of GGMs in each band of the spherical harmonic (SH)
expansion spectrum are crucial to gain a clear idea on their commission error contents and
consequently to determine the optimal integration SH degree/order (d/o), where the best results
are revealed. For such reasons, this study aims to perform an assessment for GOCE-based
satellite-only GGMs in the terms of both the spectral assessment using the EGM2008, as a
reference model, and the external validation exploiting the shipborne gravity data acquired over
the Red Sea.

This research is organized as follows. The theory of the spectral analysis and external validation
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are presented in section 2. A brief description of the investigated GGMs is made in section 3.
The results of the spectral analysis and the validation with respect to the shipborne gravity data
are given in section 4. Finally, some relevant conclusions are drawn in section 5.

2. Theoretical background

The GGMs are normally validated using two main approaches. The first is the so-called
“internal validation”, which means performing a spectral validation of the GGMSs signal and its
errors in the form of the degree and error variances. The second refers to the external validation
of the GGMs, exploiting external data such as terrestrial gravity and GPS/levelling data at various
GGM SH expansions. In the first approach, the absolute sense is done by comparing the behaviour
of the model’s SH coefficients over the entire spectral band in terms of degree variances, error
degree variances, signal-to-noise ratio (SNR), and cumulative errors per degree. On the other
hand, the relative internal validation is implemented to perform a comparison of the spectral
behaviour of the studied GGMs with respect to a state-of-the-art GGM, e.g. the EGM2008 in our
study. The relative sense is suitable to obtain more detailed insights about the model’s spectral
characteristics.

2.1. Spectral validation

However, the absolute spectral validation of a GGM can be done using the degree variances,
error degree variances, and SNR of the investigated model, which can be directly derived using
both the fully normalized potential cosine and sine coefficients (C,,,, and S,m) and their error
variances chnm and GSgnm' The degree variances express the power spectrum of the coefficients
in each degree or up to a specific degree, if computed cumulatively, as reported in Rapp (1982,
1986):

0f = Xm=o(Cim +S2m). (1)

On the other hand, the error degree variances estimate the total error power at a given degree
or up to a specific degree, if computed cumulatively, as reported in Eq. 2:

67 = Ym=o(0f,  +0Z ) 2)

The degree variances and error degree variances can also be computed for any potential
functional, such as the gravity anomalies, Ag, by a simple multiplication with the proper
eigenvalue in order to obtain the designated functional. Such eigenvalues are summarized in the
Meissl’s scheme (Table 1) that provides the spectral linkage between the different functionals of
the disturbing potential at different altitudes on the Earth’s surface (Rummel and van Gelderen,
1995). Moreover, the SNR that provides useful information about the relative signal strength

given the signal error at a certain degree, can be simply computed as follows:

SNR, =" 3)

n
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Table 1 - The eigenvalues for some potential functionals according to the Meissl’s scheme (Rummel and van Gelderen,
1995).

Potential function Eigenvalues Unit
Signal 1 Dimensionless
Disturbing potential (T') % m2s—2
Geoid height (N) R m

. GM 5
Gravity anomaly (Ag) Rz (n—1)10 mGal
o GM
Gravity disturbance (Ag) =z (n+1)10° mGal
Vertical deflection (0) 180*3600/7 degree sec

In contrast, the spectral validation in its relative sense is often accomplished by comparing
the spectral behaviour of the considered GGMs with a state-of-the-art model, e.g. the EGM2008,
in terms of the differences between the degree variances and Gain. The former can be directly
achieved by evaluating the differences between the C_'nm and .S_'nm coefficients of the studied
GGM and the reference one as:

~ _ ~ GOCE_Model ~EGM2008
ACum = Cim — Ci'm 4)

o _ & GOCE_Model ¢ EGM2008
ASym = Sy — Snm

By placing AC_'nm, AS_'nm in Eq. 1, it is possible to evaluate the differences of the degree
variances between the two models per degree. Additionally, the relative comparison of the formal
error magnitudes can be done using the Gain (Sneeuw, 2000), which provides an indicative
measure of the improvement achieved by the GOCE GGMs with respect to the reference model.
The Gain is expressed as the ratio between the error spectrum of a GGM and the reference
model:

a._,FGMZOOS

In = 5 GOCE Model ®)
n

2.2. External validation

The external validation aims to validate the GGMs with reliable external data of high quality,
such as gravity anomaly and GPS-levelling, acquired at different geographic locations. The main
problem in comparing satellite-only GGMs with terrestrial data is their different spectral contents.
In general, GGMs are limited by their maximum SH d/o, where an omission error is always
presented, neglecting the high-degree spectral content. On the other hand, the terrestrial data, in
theory, encompasses the full spectra. Different methods have been implemented to overcome such
spectral inconsistency in order to achieve an acceptable comparability level between both data
typologies, e.g. the low-lass filtering (LPF) and the SEM. The LPF that adopts several techniques,
e.g. the spectral or Gaussian filters or least-squares collocation (LSC), may perform well when
the terrestrial data are available in some suitable arrangements, for instance, grids, profiles, or at
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densely scattered locations (Ihde et al., 2010). However, performing the LPF is a delicate task
in the case of very irregularly or scarcely distributed stations, if possible at all. In contrast, the
SEM can be used to evaluate GGMs independently of the spatial distribution of the terrestrial
data (Hirt et al., 2011). This is the most important advantage when using irregularly distributed
ground observations as is often the case with shipborne gravity data, consequently, the SEM will
be implemented in this study.

In the SEM, plotted in Fig. 1, the spectral gap between GGMs and terrestrial data is partially
overcome by sewing together the high-degree spectral bands of the EGM2008 (Pavlis et al., 2008,
2012) and the omission error estimates sourced from a residual terrain model (RTM) (Forsberg,
1984), which delivers information on the very short wavelengths gravity field constituents (Hirt
et al., 2011). Each model of the GOCE-based GGMs under evaluation is expanded to d/o n,
(e.g. 250), with the EGM2008 used to recover the spectral band starting from n;+1 (e.g. 251) to
n, (e.g. 2,190). Beyond d/o n,, the RTM omission error estimates are exploited to complete the
spectral content of the model as best as possible. The RTM computes the higher frequencies of
the gravity field due to the topography/bathymetry as simple as the differences between a detailed
digital elevation model (DEM) and a reference topographic one such as the DTM2006.0 (Pavlis
et al., 2007) in order to remove a large part of the ‘topographic signals’ already implied by the
EGM2008. The RTM gravity signal, in a planar approximation environment, can be computed
using the following formula:

69 =G Iy [, — 22— dxdydz ©

el [(xp—x)2+(yp—y)2+(hp—2)2]2

where E is the planar projection of the integration area, ., s represents the height of the
smoothed DEM, i.e. the DTM2006.0 model, h is the height of the detailed DEM, X, y, and Zare
the Cartesian coordinates of the integrated topographic voxel, p(x,y,z) is the mean reference
crustal density of the Earth, i.e. 2.67 gm cm™3, and Xp,Yp, and hp are the are the planar
coordinates and the height of the computational point in the Cartesian coordinates system, in
which the RTM is evaluated on.

The residuals of the processed shipborne gravimetric data are computed by:

_ n 2190
AGres = Agshipborne - AgGOCE_Modelz - AgEGMZOOSn_H — Agrrm (7
SHd/lo 2 100 200 300 Nmax=2190 Nmax=>2180
D [km] 200 100 66 D=9 D<9

Long Medium

._GOCE-based GGMs
EGM2008 GGM RTM
Terrestrial Gravity Data

Fig. 1 - The spectral enhancement method (SEM) principle (Zaki ez al., 2018).
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3. GOCE-based satellite-only global geopotential models

In this study, the validation of eight recent releases of GOCE-based satellite-only GGMs,
made public by the International Centre for Global Earth Models (ICGEM, GFZ Potsdam), is
done by performing the spectral analysis exploiting the shipborne gravity data acquired over
the Red Sea. The selected GGMs are carefully selected to represent the various computational
approaches used in global gravity field determination.

Some of the GOCE-based satellite-only GGMs are computed using the GRACE mission
or combined models as a priori information, therefore we have not only included the so-called
GOCE-only models but also the GOCE-combined GGMs that combine GOCE data with other
satellite missions. The European Space Agency (ESA) releases GOCE-based GGMs based
on three processing algorithms, namely the direct approach, the time-wise approach, and the
space-wise approach. For our validation, the latest releases of the fifth generation of the different
processing techniques are used, where a summarized review is given in the sequel.

The GOCE-DIR-RS model (Bruinsma et al., 2014), namely the GO_CONS_GCF 2 DIR RS,
available up to d/o 300, was computed by combining the measurements of GOCE gradiometry
(full mission), SLR LAGEOS (25 years from 1985 to 2010) to compute the very-low degrees, i.e.
2 and 3, and GRACE normal equation up to d/o 175 (10 years from 2003 to 2012). Afterwards,
while combining GRACE with GOCE, the contributions of the former were considered only up
to d/o 130. During the processing phase of the GOCE gravity gradients, the a priori considered
gravity field was obtained from the GOCE-model fourth release, GO_CONS GCF 2 DIR R4,
computed using the direct approach up to its maximum d/o 260. In addition, a regularization
spherical cap (Metzler and Pail, 2005) was iteratively computed up to d/o 300 and a Kaula
regularization was applied to all coefficients beyond d/o 180.

The GOCE-TIM-R5 model (Pail et al., 2011), namely the GO CONS GCF 2 TIM RS,
available up to SH d/o 280, was computed using the least-squares adjustment of the full GOCE
satellite gravity gradiometry (SGG) measurements and satellite-to-satellite tracking (SST) data.
The SST part of the normal equations was estimated up to d/o 150 using the short-arc integral
approach (Mayer-Glirr et al., 2005) applied to the GOCE kinematic orbits, while the SGG part
was estimated up to the maximum solvable d/o. Furthermore, a Kaula regularization was applied
to the near-zonal coefficients in order to overcome the polar gap problem and to coefficients of
d/o 201 to 280 to enhance the SNR.

The GOCE-SPW-RS5 model (Gatti et al., 2016), namely the GO _CONS_GCF 2 SPW RS,
produced to a maximum d/o of 330, was directly evaluated by SH analysis of GOCE observations,
which have been previously gridded at satellite altitude using global LSC. The fifth generation of
the space-wise model has been computed from the SGG and SST observations of the full GOCE
mission using no prior information.

The GGMO05G model (Bettadpur ef al., 2015) of a maximum d/o of 240, was calculated
from the GOCE SGG data collected for the entire mission using a bandpass filter of 10-50 MHz,
filling the polar gap with synthetic gradients from the GGMOS5S model (Tapley et al., 2013) up
to d/o 150 evaluated at a 200 km altitude, GRACE K-band intersatellite range-rate data, GPS
tracking, and GRACE accelerometer data. The GGMO5G 1is not regularized in any way, where
the errors increase with the increase of d/o. It is not recommended to use the GGMO05G beyond
approximately d/o 210 without accounting for some smoothing (Bettadpur et al., 2015).
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The ITU_GGC16_2 model (Akyilmaz et al., 2016) of a maximum d/o of 280 was developed
combining the normal equations of the ITU_GRACE16 2 (up to d/o 180) and the GO_CONS _
GCF_2 TIM_RS (up to d/o 280) (Brockmann et al., 2014). The combination was performed at
the normal equation level with the optimal variance component estimation.

The NULP-02s model (Marchenko et al., 2017) is available at a maximum d/o of 250, based on
the radial derivatives of the entire GOCE mission and the radial derivatives of the EGM2008 up to
d/o 360 to overcome the polar gaps and its instability. Consequently, its related error coefficients
are not provided, therefore for the calculations that depend on the formal errors, this model will
not be considered.

The IfE_ GOCEOQS5s model (Wu et al., 2016), which is a GOCE-only GGM developed by
the Institut fir Erdmessung (IfE), Leibniz Universitdt Hannover Germany, is available up to a
maximum d/o of 250 and was computed using only the entire GOCE observations, i.e. orbit and
gravity gradients. The acceleration approach was applied to the kinematic orbit data in order to
derive the model up to d/o 150. The GOCE SGG data were then used to complete the model to its
maximum d/o. A slight Kaula-regularization was applied to improve the SNR of the coefficients
between d/o 201 and 250.

The IGGT_R1 model (Lu et al., 2018) of a maximum d/o of 240 has used the GOCE SGG data
to create the gravitational gradient normal equation from d/o 2 to 150. For d/o 150 and higher,
the Kaula's rule is applied to the normal equation because for this degree range the low-order
coefficients as well as all other short wavelength SH coefficients are disturbed by the polar gap
and the increasing sensitivity of the GOCE gradiometer.

In summary, a total of eight recently GOCE-based satellite-only GGMs have been used as
reported in Table 2.

Table 2 - The main properties and characteristics of the GOCE-based satellite-only GGMs used in this study.

Model Max GOCE GRACE LAGEOS-SLR Year of release
degree [month] [year] [year]
DIR R5 300 ~42 10 25 2014
TIM_R5 280 ~42 - - 2014
SPW_R5 330 ~42 - - 2017
GGMO05G 240 ~42 5 - 2015
ITU GGC16 2 280 ~42 10 - 2017
NULP_02S 250 ~42 - - 2017
IfE_GOCEO05s 250 ~42 - - 2017
IGGT RI 240 ~13 - - 2017
4. Results

This part reports the results of the executed spectral analysis, as well as the validation, per-
formed using the shipborne gravity.
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4.1. Spectral validation

The absolute spectral analysis of the square root of the degree variances and error degree
variances related to the gravity anomalies for all GOCE-based GGMs are plotted in Fig. 2a. Special
attention will be given to d/o 200, which coincides with the aspired GOCE spatial resolution of 100

Fig. 2 - The square root of
degree variances and the error
degree variances related to the
gravity anomalies of GOCE
GGMs (a) and the SNR for
GOCE models (b).
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km. The various investigated GGMs did not show any visible differences in the degree variance
up to d/o 200. The DIR_RS5 model displays a superior behaviour in terms of formal errors with
respect to the other models and its provided error spectrum is below that of the EGM2008 up to d/o
230. The DIR_R5 shows smaller errors for the long-wavelengths due to the inclusion of both the
GRACE and LAGEOS data to elaborate and produce the long-wave potential coefficients. In the
meanwhile, the ITU GGC16_2 gave the second smaller formal errors up to d/o 130 due to the use
ofthe ITU_GRACE16 2 as a prior gravity field. The IfE_ GOCEOS5s gave the second smaller formal
errors beyond d/o 130. The compatibility between the ITU GRACE16 2 and the TIM_RS5 beyond
d/o 180 is justifiable as the TIM_RS was used to determine the ITU GRACE16_ 2 beyond d/o 180
(Akyilmaz et al., 2016). Fig. 2b depicts the SNR for the evaluated GGMs. As can be clearly seen,
the DIR RS retains a better performance compared to the EGM2008 over the entire spectrum up
to d/o 227, while the IfE. GOCEOQS5s has a better performance compared to the EGM2008 up to d/o
208. The SNR of the SPW_RS5 is worse than the EGM2008 up to d/o 60 and better from d/o 61 to
195. At d/o 200 (spatial resolution of 100 km), the DIR_RS5 is the best model with a SNR equivalent
to 25 followed by the IfE_ GOCEOSs that illustrated a SNR of 12.78 at the same d/o.

In terms of the cumulative gravity anomalies errors, shown in Fig. 3, the DIR R5 showed
the overall best error spectrum with the smallest cumulative gravity errors at all the investigated
d/o, thereby emphasizing the benefits of using the combined satellite-only (GOCE and GRACE)
GGMs. The DIR RS reaches the 1.0 mGal error at d/o 258, the IfE._ GOCEOSs at d/o 231, while
the IGGT_R1 model is the worst GGM, in which the same error was achieved at a lower d/o
of 204. At d/o 200, minimum cumulative errors of 0.21 and 0.36 mGal were computed for the
DIR RS and the IfE_ GOCEOSs, respectively. Beyond d/o 290, the EGM2008 shows the smallest
cumulative errors in comparison to the other models.

8

DIR_R5
GGMO05G ‘ ‘ ‘
TIM_R5

6 IfE_GOCEO5s | - ,
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Fig. 3 - The cumulative errors of
GOCE GGMs and the EGM2008 in 0 50 100 150 200 250 300 350
terms of gravity anomalies. Spherical Harmonic Degree
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By studying Fig. 4a, that visualises the differences of the degree variances in terms of gravity
anomalies between the GOCE-based GGMs and the EGM2008, some points can be addressed.
On one hand, the DIR RS outperformed the IfE. GOCEOQS5s as well as the TIM_RS, in particular at
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the long-wavelengths of the gravitational spectrum, where the observations of GRACE and LAGEOS are
exploited for the development of the DIR RS solutions, as mentioned earlier. The IfE._ GOCEOQS5s showed
the highest differences at lower degrees. The reason for such a behaviour could be the fact that for the
development of this model neither a reference model nor any prior gravity information were considered.

On the other hand, Fig. 4b displays the Gain of the GOCE GGMs with respect to the EGM2008.
The useful spectral band offered by the latest GOCE-based satellite-only models becomes apparent
in terms of significant digits of the model Gain compared to the EGM2008. This band ranges between
d/o0 60 and 197 for the SPW_RS5, up to d/o 195 for the ITU_GGC16_2, and d/o 230 for the DIR_RS5.

4.2. Validation with the shipborne gravity data

A total number of 95,649 shipborne gravity stations were provided by the BGI along with their
spatial distribution as reported in Fig. 5. A rigorous data filtering has been applied to the shipborne
data set using the approach described in Zaki et al. (2018) based on the leave-one-out cross-
validation technique (Arlot and Celisse, 2010) and the Kriging prediction algorithm (Matheron,
1963). The leave-one-out process, with a strict confidence level of 95.4%, is repeatedly applied
until the STD of the residuals, i.e. the difference between the observed and interpolated values,
is smaller than 1.5 mGal. The shipborne free-air (FA) gravity anomalies are characterised by a
minimum, maximum, mean, and STD of -202.15, 113.50, -20.17, and 34.05 mGal, respectively.

The comparison between the GGMs and the EGM2008 with the shipborne gravity data before
applying the SEM is shown in Table 3. All GOCE-based models were outperformed by the
EGM2008 due to the spectral gaps between satellite-only GGMs and the terrestrial (i.e. marine)
gravity data, where the SPW_RS5 showed the best results with a mean value of -13.04 mGal and
an STD of 33.19 mGal.

Fig. 5 - The spatial
distribution and FA
gravity anomalies of ao 35 40° 45" 50° 55

the 95649 shipborne _ _ al
stations (Zaki et al., A L N v mg

T T
2018) —-200-180-160-140-120-100-80 -60 —40 -20 0 20 40 B0 B0 100 120 140
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Table 3 - The statistics of the differences between the GOCE-based GGMs and the shipborne gravity data (95,649

stations) before applying the SEM. Unit = mGal.

Model Degree Minimum Maximum Mean STD
DIR_RS 300 -216.72 123.59 -13.44 35.68
TIM_RS5 280 -196.40 121.47 -12.74 33.69
SPW_R5 330 -196.81 120.77 -13.04 33.19
GGMO05G 240 -201.85 125.30 -12.83 34.23
ITU_GGC16_2 280 -196.45 121.54 -12.75 33.69
NULP_02S 250 -215.75 128.91 -13.88 36.25
IfE_GOCEO05s 250 -215.65 127.5 -14.21 35.74
IGGT_R1 240 -189.82 120.46 -10.32 34.73
EGM2008 2190 -55.57 136.22 -0.50 11.27

The SEM has been implemented to fill in the existing spectral gap between the studied GGMs
and the shipborne gravity data by combining the high-degree bands of the EGM2008 with the very
high-frequency signal delivered by the RTM (Forsberg, 1984), which has been proven to improve
the performance of several GGMs in medium-elevated and rugged terrain (Forsberg, 1985; Hirt
et al., 2010; Sampietro et al., 2017; Capponi et al., 2018). The RTM signal, which is computed as
the difference between the terrain effects, resulted from the 15 arc-second shuttle radar topography
mission (SRTM) (USGS, 2017), i.e. the SRTM15+ model, and the reference surface resulted by
smoothing such detailed digital terrain model using the TC Grid (Forsberg and Tscherning, 2008)
routine of the GRAVSOFT package, in a 5x5 arc-minute grid in order to remove a large part of
the ‘spectral information’ already implied by the EGM2008. Although the DTM2006.0 (Pavlis et
al., 2007) was considered, it was not used in this study because it has lower resolution and less
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Fig. 6 - The SRTM
15+ model for Red Sea
region. Unit = m.
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information content about the bathymetry in the Red Sea compared to the SRTM15+ (Fig. 6).
The RTM has been computed utilising the TC toolbox of the GRAVSOFT package (Forsberg and
Tscherning, 2008) with an integration radius of 100 km and with the standard crustal density value
of 2.67 g/cm?. The residuals of the processed shipborne gravimetric data are computed using Eq. 7.

Table 4 and Fig. 7 report the statistics of the differences of the various GGMs and the shipborne
gravity data after applying the SEM from d/o 100 to the maximum d/o of the investigated models

Table 4 - The statistics of the differences between the GOCE-based GGMs and the shipborne gravity data (95,649
stations) after applying the SEM. Unit = mGal.

DIR_RS 100 120 140 160 180 200 220 240 260 280 300

Minimum -54.53 | -55.00 | -57.97 | -56.10 | -58.31 | -54.30 | -52.60 | -53.34 | -56.42 | -68.55 | -68.17

Maximum 130.51 | 130.82 | 131.00 | 131.62 | 131.50 | 131.63 | 130.59 | 132.96 | 130.87 | 130.79 | 129.41

Mean 2.05 297 3.12 2.14 141 1.03 0.37 -0.48 0.01 -0.17 -0.53

STD 10.17 10.17 10.19 | 9.92 10.26 10.35 10.64 | 11.62 11.72 12.19 12.83

TIM_RS 100 120 140 160 180 200 220 240 260 280 300

Minimum -54.57 | -55.16 | -58.30 | -56.28 | -58.56 | -54.08 | -52.01 | -51.68 | -54.42 | -67.20

Maximum 13047 | 130.80 | 130.86 | 131.45 | 131.11 | 131.55 | 131.12 | 134.87 | 135.24 | 135.18

Mean 2.04 3.00 3.08 2.12 132 0.90 0.31 -0.35 0.16 -0.11

STD 10.17 10.20 10.19 | 9.92 10.28 10.38 10.73 11.58 11.57 11.90

SPW_R5 100 120 140 160 180 200 220 240 260 280 300 320 330
Minimum -54.52 | -55.15 | -58.28 | -56.26 | -58.63 | -54.55 | -53.03 | -56.95 | -58.96 | -72.69 | -73.55 | -78.55 | -79.55
Maximum 130.52 | 130.90 | 130.99 | 131.29 | 130.96 | 131.29 | 12642 | 125.78 | 123.90 | 125.69 | 121.46 | 120.16 | 119.46
Mean 2.07 3.03 3.10 2.07 1.40 0.98 0.01 -0.31 0.17 -0.01 -0.17 -0.22 -0.18
STD 10.18 10.20 10.19 | 9.90 1031 10.40 10.99 11.23 11.61 12.07 12.19 12.46 12.96
GGMO05G 100 120 140 160 180 200 220 240 260 280 300

Minimum -54.41 | -5447 | -55.79 | -54.85 | -56.23 | -52.63 | -48.74 | -47.18

Maximum 130.22 | 130.22 | 130.69 | 13091 | 131.04 | 131.72 | 131.17 | 130.30

Mean 2.05 2.64 2.81 2.53 2.04 1.58 0.99 0.07

STD 10.17 10.16 10.13 | 10.07 10.39 1042 10.68 11.60

ITU_GGC16_2 | 100 120 140 160 180 200 220 240 260 280 300

Minimum -54.54 | -55.14 | -58.28 | -56.30 | -58.58 | -54.10 | -52.03 | -51.70 | -54.38 | -67.21

Maximum 13047 | 130.78 | 130.88 | 131.46 | 131.15 | 131.59 | 131.16 | 13491 | 135.28 | 135.22

Mean 2.05 299 3.08 2.12 1.31 0.90 0.31 -0.36 0.16 -0.12

STD 10.17 10.19 1020 | 9.92 10.29 10.38 10.73 11.58 11.57 1191

NULP-02s 100 120 140 160 180 200 220 240 250 280 300

Minimum -54.52 | -5542 | -58.67 | -56.92 | -59.28 | -55.43 | -52.23 | -57.50 | -66.15

Maximum 130.85 | 132.13 | 130.93 | 131.00 | 130.77 | 132.60 | 128.94 | 127.69 | 125.77

Mean 2.11 2.85 321 1.92 1.16 0.61 -0.32 -0.69 -0.88

STD 10.19 10.20 1025 | 991 10.25 10.41 10.88 11.58 11.82

IfE_GOCEO5s | 100 120 140 160 180 200 220 240 250 280 300

Minimum -55.14 | -55.42 | -5441 | -56.46 | -52.63 | -55.43 | -54.54 | -58.50 | -67.15

Maximum 130.31 | 131.11 | 13093 | 131.13 | 130.96 | 131.35 | 127.11 | 124.78 | 123.93

Mean 2.08 295 3.15 2.14 1.15 0.62 -0.23 -0.75 -0.85

STD 10.21 10.20 10.13 | 993 10.35 10.38 10.65 11.69 11.64

IGGT_R1 100 120 140 160 180 200 220 240 250 280 300

Minimum -56.52 | -55.42 | -59.58 | -57.38 | -56.23 | -55.43 | -52.23 | -57.50

Maximum 132.31 | 131.20 | 132.43 | 128.52 | 131.72 | 132.60 | 128.94 | 127.69

Mean 2.12 2.85 3.11 2.60 122 0.62 -0.23 -0.75

STD 10.22 10.42 1035 | 1031 10.39 10.49 10.92 11.55
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with an incremental step of 20 d/o. All models provided the full power of the gravity anomaly
up to SH d/o 160. The IGGT _R1 showed the worst behaviour with a mean value of 2.60 and an
STD of 10.31 mGal, in which the reason may be the use of only 13 months of the GOCE data.
The DIR_RS, TIM_RS5, SPW_RS5, ITU _GGC16_2, and IfE_ GOCEOS5s gave very close and cross-
comparable results at d/o 160. The SPW_R5 showed a slightly better validation characterised with
a minimum, maximum, mean, and STD of -56.26, 131.29, 2.07, and 9.90 mGal, respectively. A
note must be taken that the results obtained by the various investigated GGMs at d/o 160 delivered
semi-identical STD of the differences with shipborne data, whereas the difference between the
STD of the best and the worst model, namely the SPW_RS5 (9.90 mGal) and the IGGT_R1 (10.31
m@Gal) model, respectively, is 0.41 mGal, which is, in any case, less than the uncertainty of the
leave-one-out cross-validation technique equivalent to 1.5 mGal.

In order to further emphasize the differences between the GGMs and shipborne data at both
the maximum d/o of the model as well as d/o 160, the histograms of the differences in both cases
were plotted.

Fig. 8 displays the histograms of the differences after applying the SEM at the maximum
d/o of the investigated GGM, while Fig. 9 shows those in correspondence to d/o 160. The two
sets of figures show the improvement of histogram shapes between the maximum d/o and the
d/o 160.

EGM2008
— IfE_GOCEO5s
125 — IGGT_R1
—————— DIRR5
— GGMO05G
ITU_GGC16
12 —| ———————— NULP_02S
SPW_R5
TIM_R5

Fig. 7 - A visual representation
N of the STD of the differences
between the GOCE-based
95 L L L L R L L LI L L L L L GGMs and the shipborne
100 120 140 160 180 200 220 240 260 280 300 320 340 gravity data after applying
the SEM (see Table 2). Unit =

Spherical Harmonic Degree mGal.
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Fig. 8 - The histogram of the differences between GOCE-based GGMs and the shipborne gravity data after applying the
SEM at the maximum degree of each model. Unit = mGal.
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Fig. 9 - The histogram of the differences between the GOCE-based GGMs and the shipborne gravity data after applying
the SEM at degree/order 160. Unit = mGal.
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5. Conclusion

The aim of this study is to validate the recent releases of GOCE-based satellite-only GGMs
with the shipborne gravity data acquired over the Red Sea. Firstly, the absolute and relative spectral
analyses of eight GGMs, which cover the different processing approaches, i.e. the direct, time-wise,
and space-wise approaches, were performed. The DIR RS model showed a superior behaviour with
respect to all the investigated models, in all senses and terms. Then, the performance of the various
GGMs was evaluated with respect to the shipborne gravity data before and after applying the SEM.

On the one hand, before applying the SEM, all models showed worse results due to the spectral
gaps between satellite-only GGMs and the shipborne gravity data. The SPW_RS5 demonstrated the
best results, which is characterised by a mean of -13.04 mGal and an STD of 33.19 mGal.

On the other hand, after applying the SEM, all the studied GGMs provided the full power of
the gravity anomaly up to SH d/o 160. The DIR R5, TIM_RS5, SPW _R5,ITU GGC16 2, and IfE
GOCEOS5s gave very similar results, in which the corresponding STD of the differences ranged from
9.90 and 9.93 mGal. The minimum spectral validation STD was obtained by the SPW_RS5 model,
whose differences with respect to the shipborne gravity data are characterised with a minimum,
maximum, mean, and STD of -56.26, 131.29, 2.07, and 9.90 mGal, respectively.

In conclusion, due to the superior behaviour obtained, it was the DIR R5 model, in all senses,
during the spectral validation as well as its semi-identical results to the SPW_RS model, which
had the best performance when validated with shipborne data. Moreover, due to the similar
STD of the differences with the shipborne data of 9.92 and 9.90 mGal, for the DIR RS and
SPW_RS5 model, respectively, which is less than the expected uncertainty of the leave-one-out
cross-validation technique (equivalent to 1.5 mGal), the DIR_R5 model is recommended for the
integration with the terrestrial data, over the Red Sea, and for its geodetic applications, e.g. the
geoid determination and the geostrophic currents estimation.
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