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ABSTRACT
Satellite based global gravity field models represent Earth’s long-wavelength static or time-variable gravity field. Their progress and development in the recent years has been induced by successful satellite missions, such as GOCE, GRACE and CHAMP and this will continue in the future missions. Resolution and agreement with quality terrestrial data are two attributes that indicate potential usability of each model. Maximum degree of spherical harmonics determines resolution of the satellite-based models. Agreement with terrestrial data is evaluated by comparing different gravity functionals calculated from model with available terrestrial reference data. Thus, spatial and spectral analysis of the quality of satellite based global geopotential models is valuable from several aspects for both creators and users of models.

In this paper, gravity acceleration and geoid undulation computed from the most recent GOCE, GRACE and CHAMP global gravity field models are analysed and compared with control dataset that includes available GNSS/levelling and gravity data worldwide. GNSS/levelling and gravity data are collected, preprocessed and prepared for analysis. Results of comparison show agreement of the global gravity field models with control dataset and indicate spatial and spectral quality in the long-wavelengths of the global gravity field models.
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Introduction
Determination of the (models of) Earths shape is one of the main geodetic tasks. This is performed through collecting and modelling of the Earths gravity field data. Global geopotential models represent model of the Earths static and time variable gravity field. They are usually derived from the combination of satellite, airborne, terrestrial and marine gravity data. As the Earths geopotential models represent gravity potential all other related quantities (functional) may be determined from them, such as gravity acceleration or geoid undulation.

Global geopotential models (GGM) are distributed in the form of normalized spherical harmonic coefficients developed by the maximum degree and order. Additionally, for each degree and order standard deviations are given providing insights into the spectral quality of the models. In spatial domain degrees and orders are equivalent to the spatial resolution. Today, the most detailed global geopotential models, such as Earth Gravitational model 2008 [1], are derived up to 2190 degree which corresponds to spatial resolution around 5 arc minutes or 9 km.

The accuracy that global geopotential model represents actual Earth gravity field is usually compared to ground control points. Error of GGM is then defined as the difference (residual) between value of the gravity functional (gravity acceleration or geoid undulation) from the model and value of the corresponding ground control point. The error of GGM varies globally and in spectral domain consist from two parts: commission and omission error. Commission error originates from errors of the determined harmonic coefficients representing a model, whereas omission error relates to the limited degree and order (spatial resolution) of the model.

In this paper accuracy of the global geopotential models is validated on the control dataset that consists from the points with known geoid undulation and gravity acceleration. Provided results shall contribute in better understanding of the accuracy and errors of the global geopotential models.
Input data
Global geopotential models

All published GGMs are distributed from the webpage of International Centre for Global Earth Models (ICGEM). For this study four models were selected by two criteria’s: 1) the most recent satellite-only-models (GOCE, GRACE, CHAMP) and a combined satellite-terrestrial data model. Selected models are given in the Table 1.

Table 1. Selected GGM for analysis

	Model
	Acronym
	Year
	Maximum degree 
and order
	Data used 
in creation
	Institution
	References

	EGM2008
	EGM2008
	2008
	2190
	S(Grace), G, A
	NGA
	[1]

	GO_CONS_GCF_2_SPW_R4
	GO_CONS
	2014
	280
	S(Goce)
	ESA
	[2]

	GGM05S
	GGM05S
	2014
	180
	S(Grace)
	CSR Texas
	[3]

	ULUX_CHAMP2013s
	ULUX
	2013
	120
	S(Champ)
	GFZ
	[4]


Ground control points for validation
Gravity acceleration and geoid undulation derived from global geopotential models are validated on the two independent ground control datasets: gravity and GNSS/levelling points.
Gravity data
Gravity data was collected from the Bureau Gravimetrique International (BGI) as the institution which distributes gravimetric measurements worldwide. Overall 849 gravimetric points were collected with the expected accuracy of 2-3 mGal.
GNSS/levelling data

GNSS/levelling points consisted from the 389 points with known ellipsoidal and orthometric heights. Data were collected from the national geospatial agencies. Expected accuracy of collected data is positional from 1-3 cm, and vertically around 2 cm.

Methodology

Conducted research may be described and summarized by the following methodology:

1. Collection and preparation of the gravity and GNSS/levelling data.

2. Collection and preparation of the GGMs for validation.
3. Calculation of the gravity acceleration and geoid undulation from GGMs for positions where gravity and GNSS/levelling data are known (control dataset).
a. with different maximum orders and degrees ([image: image2.png]


).
4. Determination of the residuals (differences) between control data set (gravity and GNSS/levelling) and GGMs: [image: image4.png]AN = NGENSS—miv. _ pymo
Nmedsl pg = ggravity
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.
5. Outlier detection and filtering of the residuals based on 3σ rule. All results and analysis are based on the outlier filtered dataset.
6. Statistical and graphical analysis of residuals with different maximum degrees and parametric models.
Results
GNSS/levelling validation

Table 2 and Figure 1 show that control dataset is in best agreement with EGM2008 model, whereas with ULUX model the worst. All models have mean error of around 70 cm meaning GGMs are systematically lower than the GNSS/levelling geoid.

Table 2 Statistics of the differences between GNSS/Levelling derived geoid heights and geoid heights from the GGM-s at 336 stations (units in m)
	 
	Min.
	Max.
	Mean
	St. Dev.

	EGM2008
	-0.26
	1.13
	0.66
	0.24

	GO_CONS
	-0.47
	1.25
	0.67
	0.29

	GGM05S
	-1.38
	2.36
	0.59
	0.72

	ULUX
	-2.54
	2.51
	0.76
	0.78


It can be concluded that from satellite-based model GOCE based GGM GO_CONS is closest to the GNSS/levelling data and also nearly equal to the combined GGM EGM2008. This indicates a high-quality of the gravity gradiometry from GOCE satellite.
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Figure 1 Mean values and standard deviations of the differences between GNSS/Levelling derived geoid heights and geoid heights from the GGM-s at 336 stations (units in m)
Validation depending of the GGM degree and order
The mean differences and standard deviation of the GNSS/levelling and GGMs residuals depending on the degree and order of used spherical harmonics shows that the most power of signal is included in first 20 degrees and orders. However, towards a cm geoid degrees and orders from 50 to 300 seem to be crucial. After the degree 100 in all GGMs no significant change can be seen. This mean that power of the signal decreased afterwards.
[image: image6.png]35
30
25
20
15
1.0
05
0.0
.5
-1.0
-15

Mean[m]

10

W egm2008| 2.91

mgo_cons
= ggm0Ss
= ulux

291
291
296

20
-1.01
-1.01
-1.01
-0.96

50
037
037
038
0.42

100
0.65
0.65
0.65
0.69

200
0.66
0.67
0.59
0.76

360 500 750 1000 1500 2190
067 066 067 067 066 066
0.67




Figure 2 Mean values of the differences between GNSS/Levelling derived geoid heights and geoid heights from the GGM-s as a function of d/o
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Figure 3 Standard deviation of the differences between GNSS/levelling derived geoid heights and geoid heights from the GGM-s as a function of d/o
Gravity data validation
Residuals of the gravity control points and GGMs are shown in Table 3 and Figure 4. EGM2008 represents real gravity field in terms of gravity acceleration the best. GO_CONS again outperform other satellite-based GGMs.
Table 3 Statistics of the differences between gravimetric points and gravity values determined from the GGM-s (units in mGal)
	 
	Min.
	Max.
	Mean
	St. Dev.

	EGM2008
	-178.1
	159.4
	2.7
	19.0

	GO_CONS
	-212.8
	209.6
	7.4
	36.8

	GGM05S
	-227.1
	208.9
	6.8
	44.2

	ULUX
	-239.2
	218.2
	4.4
	48.5
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Figure 4 Mean values and standard deviations of gmodel-ggravity
Validation depending of the GGM degree and order
Figure 5 and Figure 6 show mean values and standard deviation between gravity residuals. In the first 20 degrees and orders mean error is negative whereby afterwards it changes the sign and increases. In the final degrees and orders it achieves maximum values. This reveals some systematic errors exist in GGMs which should be inspected more carefully in further studies. Standard deviation evidently decreases with the increase of degree and order. Still, values of around 30 to 50 mGals are large for such GGM models.
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Figure 5 Mean values of the differences between gravity values from the GGM-s and measured gravity values as a function of d/o
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Figure 6 Standard deviation of the differences between gravity values from the GGM-s and measured gravity values as a function of d/o
Conclusions
Results of this study show that EGM2008 model has the smallest residuals in comparison with GNSS/levelling points. Highest residuals are found in ULUX model 0.76 ± 0.78 m. Model GO_CONS made only from the GOCE observation has maximum degree 280 and has agreement 0.67 ± 0.30 m. Results show that global geopotential models have mean error from 0.7 to 0.8 meters which indicate systematic bias and shift compared to terrestrial GNSS/levelling that is practical realization of the national vertical reference systems.

Comparison of the gravity data with global geopotential models indicates that EGM2008 agrees within [image: image12.png]2.8 + 19.07ms



 . Although it should be mentioned that gravity data used in this research are also possibly included in development of the EGM2008 model and this can affect the gravity acceleration residuals. The biggest differences in gravity are shown in model ULUX (4.4 ± 49 10-5ms-2). 
Finally, EGM2008, computed to degree and order 2190, represents the gravity field the most suitable of the tested models. This is expected as it was calculated from much more data. From the tested satellite only GGMs, GOCE model agrees with control data the best. Results of this study were compared with similar studies from the past (e.g. [5], [6]) and they agree reasonably well.
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