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Abstract 
 
Numerous global gravitational field models have been derived from the GOCE satellite 
gravitational gradiometry mission. They differ by the harmonic analysis approach and the 
time span covered by the measurements. The quality of individual solutions is assessed by 
validating the global gravitational field models with respect to independent datasets. 
Global gravitational field models based on the time-wise and the direct approach are 
validated in this contribution. All five releases are compared to height anomalies, free-air 
gravity anomalies, and deflections of the vertical over the continental part of Norway. The 
spectral enhancement method is applied to overcome the spectral inconsistency between the 
gravitational models and the terrestrial data. The three terrestrial datasets indicate comparable 
performance of the latest GOCE models with respect to EGM2008 up to degree and order 
220 in the studied local area.  
 
1. Introduction 
 
The satellite gradiometry mission GOCE (ESA, 1999) was mapping the static part of the 
Earth’s gravitational field in a homogeneous and nearly global way for more than four years. 
The mission main goals were very challenging. It was expected that GOCE would deliver a 
geoid model with an accuracy of 1-2 cm and free-air gravity anomalies with an accuracy of 1 
mGal, both at the spatial resolution of 100 km. 
 
Global gravitational field models (GGFMs) are the main results of the GOCE mission. Such 
models are used in realizing vertical reference frames in geodesy, exploring the interior of the 
Earth in geophysics and geology, studying the behavior of currents in oceanography, and 
detecting sea level rise and ice-melting in climatology. 
 
Numerous GGFMs have already been derived from GOCE observations. Different strategies 
have been employed. They differ by a-priori information, stochastic modeling of the 
gravitational gradients, numerical technique for evaluation of the spherical harmonic 
coefficients, and combining various observation types with different time span (Pail et al., 
2011, Brockmann et al., 2014, Bruinsma et al., 2014). Assessing quality of the individual 
solutions is therefore of crucial importance for both modelers and users. 
 
In this study, validation of GGFMs based on the time-wise and the direct approaches is 
performed. We note that numerous validation studies of GOCE GGFMs have already been 
performed, e.g., Gruber et al. (2011), Hirt et al. (2011), Janák and Pitoňák (2011), Šprlák et 
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al. (2012). They reveal a consistent representation of the Earth’s gravitational field by the 
different analysis approaches. Successive improvements of the GOCE models for higher 
degree and order (d/o) spherical harmonic coefficients have been reported for models 
implementing more data. Moreover, it has been documented that GOCE models perform 
better with respect to EGM2008 in areas lacking previous gravity field observations such as 
Africa, Himalayas and South America. In this article, we extend the studies of Šprlák et al. 
(2012, 2015) and Gerlach et al. (2013) where various GOCE models up to the third release 
were validated with various datasets over the continental part of Norway. 
 
For the validation purpose we exploit independent datasets of height anomalies derived from 
Global Navigation Satellite Systems (GNSS) and leveling data, free-air gravity anomalies, 
and deflections of the vertical over the continental part of Norway. The terrestrial datasets are 
described in Section 2. The spectral enhancement method (SEM) is applied to overcome the 
spectral inconsistency between the models and the terrestrial data. The accuracy of SEM and 
the results of the validation are presented in Section 3. The outcomes of this study are given 
in the conclusions. 
 
In this paper we make use of the following nomenclature: low frequencies of the gravitational 
field quantities correspond to spherical harmonic d/o 2-100, middle frequencies are those 
between d/o 101-250, high frequencies between d/o 251-2190, and very-high frequencies are 
above d/o 2190. 
 
2. Description of the terrestrial datasets 
 
2.1 GNSS/leveling points 
 
Traditional leveling is used to determine the vertical distance of objects relative to the geoid 
or quasigeoid as reference surface. It is employed for geodetic tasks where physical heights 
are required. Time efficiency and cost has favored the use of GNSS for precise determination 
of geodetic positions. The height component measured by GNSS is purely geometrical and 
related to a reference ellipsoid. The differences between GNSS and leveling observations 
allow geoid/quasigeoid heights to be derived. These quantities may be used to test GGFMs. 
 
We have employed recent GNSS/leveling data compiled by the Norwegian Mapping 
Authority. The leveled heights are listed in the vertical system NN2000 (Lysaker and Vestøl, 
2012), which is a zero-tidal vertical reference system tied to Normaal Amsterdams Peil at 
epoch 2000.0. In the NN2000 system, normal heights have been adopted. Thus the 
GNSS/leveling dataset provides observed height anomalies which we will refer to in the 
following. 
 
The GNSS observations are referred to the epoch 1995.665. Conventionally, the ellipsoidal 
heights are provided in the tide-free system. Due to the different reference time epochs and 
tide systems adopted, the postglacial uplift as well as the tidal correction have to be applied, 
see section 3.1 for details. 
 
There are 1340 GNSS/leveling stations in Norway. The stations are distributed along leveling 
lines, see Fig 1a. The observed height anomalies vary from 18.58 m in the eastern part to 
47.60 m in the western part. The accuracy of the observed height anomalies is 2-3 cm 
(Omang, 2014, private communication). 
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Fig. 1: Spatial distribution and magnitudes of the terrestrial datasets: a) Height anomalies, b) Free-air gravity 

anomalies, c) Deflections of the vertical (the arrows indicate the total deflection of the vertical). 
 
 
2.2 Terrestrial free-air gravity anomalies 
 
Terrestrial gravity data, observed by relative and absolute instruments, form the base for 
geoid/quasigeoid determination. The gravity reference frame in Norway (Harsson, 1978) 
consists of 286 primary stations, connected by relative gravimeters in early 1970s. Four 
stations (Hammerfest, Bodø, Trondheim, and Oslo) were observed with FG5-226 between 
2005 and 2011. Absolute gravity values were derived from these time series and referred to 
September 2011. At this time an observing campaign at 21 primary stations were also made 
with A10-020 absolute gravimeter. 
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Attached to the primary stations are loops of 7791 secondary gravity stations, measured in the 
1970s and early 1980s. The entire dataset was readjusted with respect to the absolute gravity 
values obtained with the FG5 and A10 instruments. In this way, the absolute level of all 
observations is provided by the new FG5 and A10 observations. The epoch of the newly 
adjusted network is 2011. Thus, comparison with GOCE observations does not require 
reductions for post-glacial uplift. The gravity values and also the observed free-air gravity 
anomalies are available in the zero tide system. 
 
In addition to the geodetic gravity reference frame there exist a large number of relative 
gravimetric observations obtained for other purposes than geodesy. These terrestrial free-air 
gravity anomalies have been collected into a national gravity database, administered by the 
Geological Survey of Norway (Gellein et al., 1993). The database contains 69773 gravity 
stations. 
 
Except for occasional data gaps in the central and the northern parts of Norway and very 
dense data along the coast in the south and south-east, the gravity stations are distributed 
regularly over the continental part of Norway, see Fig. 1b. The average distribution of gravity 
stations is 1 point per 5 km2. 
 
The observations were made over a time span of several decades using a variety of 
instruments. The estimated accuracy of the observed gravity is at the level of 0.2 mGal 
(Gellein et al., 1993). The free-air gravity anomalies range from -141.3 mGal to 205.5 mGal, 
with a standard deviation of 37.4 mGal and a mean value of 9.6 mGal, see Fig. 1b. 
 
2.3 Deflections of the vertical 
 
We have also compared GOCE models to deflections of the vertical at more than 100 
observing stations in Norway. The astronomical coordinates of these stations were 
determined over a time span of several decades with various astronomical instruments and 
with inhomogeneous accuracy. Astronomical positioning was obtained in ten Laplace stations 
with a Prin transit instrument between 1923 and 1928 (Jelstrup, 1929) by the Geographical 
Survey of Norway to orient the geodetic first order network. Further extensions were made 
with an Askania transit instrument between 1930 and 1950. A Wild T4 was used to establish 
27 Laplace stations between 1958 and 1969, and further observations were made in the 1970s 
with Wild T2 and Zeiss Ni 20 instruments (Blankenburgh, 1987). A total of 96 stations 
resulted from five decades of efforts. Some were reobserved as new instruments were 
introduced. Vertical deflections were determined for 22 additional stations in 1981 and 1985 
with a zenith camera (Danielsen and Sundsby, 1995) leading to a database of 118 stations in 
total. Table 1 shows the mean standard deviations obtained with each instrument type. 
 
 

 
Transit 

instrument 
T4 T2 Zenith camera 

Std.dev. (ξ) 0.18 0.23 0.44 0.15 

Std.dev. (η) 0.24 0.08 0.44 0.18 
Tab. 1: Mean standard deviations for different types of astronomical instruments for the north-south (ξ) and 

east-west (η) components of the deflection of the vertical (Danielsen and Sundsby, 1995). All values 
are given in arc seconds. 
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The astronomical observations are unevenly distributed over Norway, see Fig. 1c. The 
majority of points are located along the coast of southern Norway. After identifying and 
removing eight outliers from the database (by performing the Grubb’s test from the 
differences between the modeled and the observed deflections of the vertical), the remaining 
110 stations were used in the following analysis. The NS component varies from -22.88'' to 
+16.46''.  The EW component varies from -10.36'' to +18.89''. The total deflection of the 
vertical at the 110 stations is depicted in Fig. 1c. 
 
3. Numerical experiment 
 
3.1 Modeling of height anomalies, free-air gravity anomalies and deflections of the 
vertical using SEM 
 
A consistent comparison between terrestrial (containing all spectral constituents) and satellite 
(containing low and middle frequency constituents) observations has to be followed in 
validation studies. Below we combine a high-resolution GGFM and a digital elevation model 
(DEM) for gravity field modeling purposes. Such combination is known as the SEM, see 
(Hirt et al., 2010). We firstly test the performance of SEM by direct comparison of the 
observed and modeled height anomalies, free-air gravity anomalies, and deflections of the 
vertical. 
 
Spherical harmonic coefficients of EGM2008 (Pavlis et al., 2012) up to d/o 2190 have been 
exploited for evaluation of the low, middle, and high frequencies of the modeled quantities. 
Note that the primary and secondary stations of the Norwegian gravity network were also 
included in the development of EGM2008 (Omang, 2014, private communication). The 
synthesis was performed by the GRAFIM software (Janák and Šprlák, 2006), which avoids 
the numerical problems of Legendre’s functions by implementing Horner’s scheme (Holmes 
and Featherstone, 2002). For the free-air gravity anomalies and the NS component of the 
vertical deflection, harmonic expansions based on the ellipsoidal approximation have been 
applied (Wenzel, 2005). The deviation between the spherical radius and the ellipsoidal 
normal is accounted for by the ellipsoidal approximation. It does not affect the height 
anomalies and the EW component of the vertical deflection. Therefore, these two functionals 
have been synthesized by the standard spherical harmonic expansions. 
 
The very-high frequencies of the modeled quantities have been calculated from a residual 
terrain model (RTM, Forsberg, 1984). The RTM has been constructed by subtracting the high 
resolution DEMs ACE2 (Berry et al., 2010) or ASTER (Tachikawa et al., 2011) with a 
smooth elevation model DTM2006.0 (Pavlis et al., 2007). The elevations from the 
DTM2006.0 have been synthesized by the GRAFIM software up to d/o 2160. Zero elevations 
have been considered over oceans and seas. 
 
Numerical integration over the RTM has been performed point-wise, i.e., at each station of 
the height anomalies, free-air gravity anomalies and deflections of the vertical, to calculate 
the very-high frequencies. For simplicity, only planar approximation of the corresponding 
integral kernels has been considered. We have assumed a constant rock density value of 2670 
kg m-3 of the masses within the RTM. The numerical integration has been divided into the 
inner and outer zone. In the inner zone we make use of the ASTER DEM with sampling of 1'' 
x 1'' of the mass elements and apply this discretization within the integration radius ψ0 = 0.1°. 
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Beyond that, the outer integration zone exploits coarser ACE2 DEM with regular sampling of 
30'' x 30''. We have considered the size of the integration radius in the outer integration zone 
ψ0 = 0.5° for free-air gravity anomalies and deflections of the vertical. In case of height 
anomalies the integration radius in the outer zone was ψ0 = 3.0°. Numerical experiments 
showed that the contributions beyond the selected integration radii are negligible. Note that 
the harmonic correction has to be considered for points located inside the RTM. This issue 
has been solved implicitly by the approach proposed in (Kadlec, 2011). 
 
Several corrections have been calculated to avoid inconsistencies between the observed and 
modeled quantities. To get consistent height anomalies we have corrected the GNSS 
observations by a 5-year correction due to the postglacial rebound based on the model 
NKG2005LU (Ågren and Svensson, 2007). Due to different tide systems in GNSS and 
levelling data, a tidal correction (from zero-tide to tide-free system; Mäkinen and Ihde, 2008) 
has been considered for the leveled heights. Atmospheric correction (Wenzel, 1985) and a 
tidal correction (from zero-tide to tide-free system) have been applied to the observed free-air 
gravity anomalies. The NS component of the vertical deflection has been corrected by the 
topographic reduction (the synthesis is performed on the telluroid rather than on the Earth 
surface) and for the curvature of the normal plumb line (which links the direction of the 
normal gravity vector to the direction of the ellipsoidal normal). Only the first correction has 
also been applied for the WE component. Correction due to postglacial rebound has not been 
applied to the deflections of the vertical due to missing information of the exact year of 
observation for several of the stations. We estimate that the neglected postglacial rebound 
may reach up to 0.2'', see (Gerlach et al., 2013). Note that the tidal effect may reach 0.01'' for 
the deflections of the vertical and has been neglected in our numerical investigations. 
 
 

Quantity RTM min. max. mean std. dev. 

ζ 
no 0.102 0.477 0.351 0.051 

yes 0.202 0.608 0.470 0.067 

∆g 
no -197.1 100.1 -5.7 20.7 

yes -51.4 65.5 -0.3 4.3 

ξ 
no -5.60 9.27 -0.37 2.06 

yes -3.44 4.40 -0.38 1.20 

η 
no -5.96 8.00 -0.72 2.24 

yes -4.03 3.56 -0.59 1.47 

Tab. 2: Statistics of the differences between the observed and the modeled (using EGM2008 and RTM) 
quantities with and without the RTM (in meters for height anomalies, in mGal for gravity anomalies, 
and in arc seconds for the deflections of the vertical). 

 
 
We summarize the statistics of the differences between the observed and the modeled 
quantities in Tab. 2. In the case of height anomalies, the standard deviation of the differences 
increases from 0.051 m (without RTM) to 0.067 m (with RTM). Such a result is in 
contradiction with Hirt et al. (2010) who reported significant improvements in height 
anomaly modeling in Switzerland due to the RTM contribution. On the other hand, Kadlec 
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(2011) showed that the effect of the RTM does not contribute to better performance of SEM 
in modeling height anomalies in the Czech Republic. For free-air gravity anomalies, we note 
a decrease of standard deviation from 20.7 mGal (without RTM) to 4.3 mGal (with RTM). 
Thus the effect of the RTM improves the modeling by 79%. Improvements of SEM due to 
the RTM effect may also be seen for the deflections of the vertical. For the NS component, 
the standard deviation decreases from 2.06'' (without RTM) to 1.20'' (with RTM). For the 
EW component the standard deviation decreases from 2.24'' (without RTM) to 1.47'' (with 
RTM). Both components are thus improved by approximately 40 % when the RTM effect is 
included. 
 
The results prove the sensitivity of free-air gravity anomalies and deflections of the vertical to 
very-high frequencies of the Earth’s gravity field. On the other hand, RTM leads to worse 
performance for the height anomalies. In this case, the unmodified EGM2008 fits better to the 
observed height anomalies. Such result will be analyzed in more detail in our future research.  
 
3.2 Validation of GOCE-derived GGFMs 
 
We opted for testing seven GGFMs. We consider all five releases based on the time-wise 
approach (Pail et al., 2010, 2011, Brockmann et al., 2014) and the two most recent models 
based on the direct approach (Bruinsma et al., 2013, 2014), see Tab. 3. 
 
 

GGFM Nmax Reference 

TIM R1 224 (Pail et al., 2010) 

TIM R2 250 

(Pail et al., 2011) TIM R3 250 

TIM R4 250 

TIM R5 280 (Brockmann et al., 2014) 

DIR R4 260 (Bruinsma et al., 2013) 

DIR R5 300 (Bruinsma et al., 2014) 
Tab. 3: Characteristics of the validated GGFMs 
 
 
We have performed the validation of the GOCE-derived models as follows. The modeled 
quantities were determined by SEM as described in Section 3.1. Thereby we synthesized the 
lowest part of the spectrum from each of the GOCE models up to a variable d/o of the 
spherical harmonic coefficients. The variable d/o ranges from 2 up to the maximum available. 
Above this spectral range, we have considered the contribution of EGM2008 up to d/o 2190. 
Then the RTM effect has been calculated above d/o 2190. Note that we have considered the 
RTM effect also for the height anomalies despite its lacking improvement by SEM. This does 
not affect any of the conclusions. Finally, the observed and the modeled quantities have been 
compared and the corresponding statistics have been evaluated. 
 
The standard deviations of differences between the observed and the modeled height 
anomalies are depicted in Fig. 2. The differences between all models are within 1 cm up to 
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d/o 160. In particular, the differences are negligible for the time-wise and the direct approach 
for the fourth and fifth release up to d/o 160. Theoretically, we may expect better 
performance of the models based on the direct approach in the low frequencies. This is due to 
GRACE measurements involved in the direct approach. We suppose that EGM2008 errors 
dominate the total error budget and overwhelm the better performance of the direct approach. 
Above d/o 160 we observe an exponential increase of the standard deviations. It starts at 
higher d/o for later releases of the GOCE models. We note a 10% increase of the standard 
deviation for GOCE models with respect to EGM2008 (indicated by the dashed line) at d/o 
165 for TIM R1, d/o 185 for TIM R2, d/o 195 for TIM R3, d/o 200 for TIM R4, and d/o 220 
for TIM R5. In other words, more gradiometric data leads to better performance of the 
models, as is expected. The performance of DIR R4 with respect to TIM R4 is slightly worse 
between degrees 175-220. However, the standard deviation for DIR R4 is lower by more than 
1 cm above d/o 220. Only negligible differences are seen between DIR R5 and TIM R5 up to 
d/o 265. Above d/o 265 the model based on the direct approach performs better. Šprlák et al. 
(2015) demonstrated an improvement of third release GOCE models with respect to 
EGM2008 of up to 1.5 cm between d/o 100-200. However, this improvement is not as 
pronounced in Fig. 2. This discrepancy is due to different datasets of height anomalies. In this 
study we exploit height anomalies over the whole continental Norway, whereas Šprlák et al. 
(2015) used height anomalies over southern Norway. We also suspect that the possible 
improvements relative to EGM2008 are more pronounced in southern Norway. The gain of 
GOCE models with respect to EGM2008 over Norway will be investigated in a future study. 
 
 

 
Fig. 2: Standard deviation of differences between the observed and the modeled (using the validated GOCE-

derived GGFMs, EGM2008 and RTM) height anomalies as a function of d/o of the GOCE-derived 
GGFMs (RTM included). The solid black line represents the standard deviation of differences between 
the observed and the modeled (using EGM2008 and RTM) height anomalies. The dashed black line 
represents the standard deviation of differences between the observed and the modeled (using EGM2008 
and RTM) height anomalies increased by 10%. 

 
 
Validation by the free-air gravity anomalies offers a possibility to confirm the above results. 
The standard deviations of differences are shown in Fig. 3. As for height anomalies, we 
observe the similar performance of all models up to d/o 150 and then the exponential increase 
depending on the time span of gradiometric data. The difference of several tenths of mGal 
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above d/o 210 and reaching 1 mGal at d/o 250 shows better performance of DIR R4 relative 
to TIM R4. The latest release gives identical results for both approaches up to d/o 250. Above 
this d/o the direct approach performs better. However, in contrast to height anomalies, the 
10% increase of the standard deviation for GOCE models with respect to EGM2008 is 
reached for higher d/o, see Fig. 2. Also we do not observe any deviations with respect to 
EGM2008 below d/o 150. Both of these observations originate from the sensitivity of free-air 
gravity anomalies to higher frequencies. The accuracy of SEM in the case of free-air gravity 
anomalies (on the level of 4.3 mGal, Tab. 2) overwhelms the magnitudes of the differences 
between EGM2008 and GOCE models (reaching only a few mGal). 
 
 

 
Fig. 3: Standard deviation of differences between the observed and the modeled (using validated GOCE-derived 

GGFMs, EGM2008 and RTM) free-air gravity anomalies as a function of d/o of the GOCE GGFMs 
(RTM included). The solid black line represents the standard deviation of differences between the 
observed and the modeled (using EGM2008 and RTM) free-air gravity anomalies. The dashed black line 
represents the standard deviation of differences between the observed and the modeled (using EGM2008 
and RTM) free-air gravity anomalies increased by 10%. 

 
 
The deflections of the vertical may also confirm the above results. The standard deviations of 
differences are shown in Fig. 4. We observe similar performance of the models up to d/o 160. 
Above this d/o the models differ based on the release. Good agreement between the last two 
releases of the time-wise and direct approach is confirmed. However, in contrast to height 
and free-air gravity anomalies, the standard deviations exceed the 10 % threshold even at 
higher d/o. This may be explained by the different spectral sensitivity of the vertical 
deflections. Small deviations are visible when comparing the corresponding curves for the 
NS and EW components. We identify possible improvements, which are less significant 
compared to height anomalies, relative to EGM2008 for the NS component between d/o 100-
200. However, this is not demonstrated by the EW component. Also the improvements with 
more gradiometric data are not so significant for the EW component. In other words, the 
spectral range of the crossing for the curves corresponding to the first and the last release 
with the line indicating the 10 % threshold is wider for the NS component as compared to the 
EW component. We suppose that this may be related to the different spatial resolution of 
GOCE observations in both principal directions. At high latitudes, such as it is the case for 
Norway, the spatial resolution is higher in EW direction than in NS direction for the same d/o 
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numbers. Consequently, the point of divergence (where the curves in Figure 4 start to deviate 
from the EGM2008 baseline) is shifted towards higher spherical harmonic degrees in case of 
the EW-component as compared to the NS-component. 
 

 
Fig. 4: Standard deviation of differences between the observed and the modeled (using validated GOCE-derived 

GGFMs, EGM2008 and RTM) deflection of the vertical as a function of d/o of the GOCE GGFMs (RTM 
included): a) NS component, b) EW component. The solid black line represents the standard deviation of 
differences between the observed and the modeled (using EGM2008 and RTM) deflections of the 
vertical. The dashed black line represents the standard deviation of differences between the observed and 
the modeled (using EGM2008 and RTM) deflections of the vertical increased by 10%. 

 
 

Conclusions 
 
Homogeneous sets of height anomalies, free-air gravity anomalies, and deflections of the 
vertical have been produced from new terrestrial measurements in Norway. These were 
exploited for validation of seven GOCE-based models. 
 
Numerical experiments have proven that the gravitational attraction of local masses, 
computed from DEMs, is important to free-air gravity anomalies and deflections of the 
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vertical. However, height anomalies fit better to the pure EGM2008 model when not taking 
RTM effects into account. 
 
We found the performance of all models to be very similar up to d/o 160 in the studied local 
area. We suppose that EGM2008 errors dominate the total error budget and do not allow for 
seeing better performance of the direct approach in the low frequencies. With more GOCE 
observations available, higher d/o are determined more accurately. Such finding definitely 
confirms results of existing studies. Models of the latest (fifth) release compare well to 
EGM2008 up to d/o ~220. Validation by height anomalies may suggest possible 
improvements by the GOCE models with respect to EGM2008 in the middle frequencies. 
This improvement was not proven by free-air gravity anomalies and deflections of the 
vertical due to their sensitivity to higher frequencies. 
 
Future experiments will be performed to investigate the better fit of pure EGM2008 model to 
the observed height anomalies. Also possible systematic effects, either due to EGM2008 or 
the terrestrial datasets, will be investigated. Future models based on GOCE observations will 
be validated. These tasks are important for improvements of the gravity field over Norway. 
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