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Abstract:
A suitable representation of the regional gravity eld is used to estimate relative offsets between national height system realizations in
Europe. The method used is based on a gravimetric approach and bene ts from the signi cant improvements in the determination of
the global gravity eld by the recent satellite gravity missions the Gravity Recovery and Climate Experiment (GRACE) and the Gravity
eld and steady-state Ocean Circulation Explorerr (GOCE). The potential of thesemissions for the uni cation of height reference frames is

analyzed in terms of accuracy and spatial resolution. The results of the gravimetric approach are compared to the independent results of
the geodetic leveling approach. Advantages and drawbacks of both methods are discussed.
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1. Introduction

The uni cation of independent realizations of height systems
(height reference frames) has been discussed for a long time (see
e.g. Rummel 1988, Xu 1992, Rummel 2002, Ardalan 2005, Gatti
2012). There are global applications which aim at the realization
of a World Height System (e.g. Rapp 1995, Bursa 2001, Bursa 2004,
Ihde 2005, Sanchez 2009) and regional applications, such as in
Europe (e.g. Pan 1998, Sacher 2009), Australia (e.g. Featherstone
2000) or North America (e.g. Zilkoski 1992). In general, there are
three alternative methods to connect independent height refer-
ence frames Rummel (2002): the geodetic leveling approach, the
gravity eld (GF) approach and the ocean leveling approach. The
GF approach has often been solved as a geodetic boundary value
problem (Rummel 1988, Rummel 1995, Sansó 2002). The ocean
leveling approach is outside the scope of this paper and it will not
be discussed further.
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The geodetic leveling approach combines observed height differ-
ences by spirit leveling and gravity in order to obtain geopoten-
tial differences. A uni ed height reference frame is estimated from
geopotential differences and observed across border connections
in a common adjustment. Next, the heights of this uni ed height
reference frame are compared to the national heights and offsets
between two or more national height reference frames can be es-
timated. Naturally, the observations across water expanses are dif-
cult and limited to short distances. This makes the method inap-

propriate for a global approach. In comparison to other geodetic
observation methods, leveling networks show a low redundancy
and are therefore susceptible to systematic errors. One example of
such a leveling network is the European Vertical Reference Frame
2007 (EVRF2007, Sacher 2009).

The GF approach is the main topic within this paper. Ellipsoidal
heights observed with global navigation satellite system, physical
heights in different national height reference frames and a gravity
eld model are combined and height reference frame offsets are

estimated. In contrast to the geodetic leveling approach an ob-
served height difference between the height reference frames to
be connected is not required. Hence, this method is also suitable
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for the connection of height reference frames, which are not adja-
cent, such as those on islands or on different continents.

The recent geodetic gravity eld satellite missions GRACE (Gravity
Recovery and Climate Experiment, Tapley 2004) and GOCE (Grav-
ity eld and steady-state Ocean Circulation Explorer, Drinkwa-
ter 2003) have signi cantly improved global gravity eld models
(GGM) in terms of accuracy and homogeneity. Today, the satellite-
only GGMs reach a spatial resolution of up to 100 kmwith an accu-
racy of a few centimeters (Pail 2011). The limited spatial resolution
of the underlying GGM causes an omission error and is one of the
key issues of the GF approach. The bene ts of GOCE observation
data and the consequences for the results due to the limited spatial
resolution shall be investigated.

The GF approach is applied to the European national height sys-
tems. The potential of different satellite-only GGMs and com-
bined high resolution GGMs including terrestrial data are dis-
cussed. Later, the results are compared to the EVRF2007.

All data sets used within this invesigation are introduced in
Section 2. In order to increase the spatial resolution of
the derived gravity eld model, satellite-only GGMs based on
GOCE observations are combined with the European Gravimetric
Geoid/Quasigeoid 2008 (EGG2008) by a lter technique (Section3).
Theuni cationof national height reference frameswith thegeode-
tic levelingapproachand theGFapproach is described inSection4.
The estimated height reference frame offsets and slopes are dis-
cussed and compared to the geodetic leveling approach results in
Section 5. Finally, Section 6 gives a summary and an outlook.

2. Data sets

2.1. Gravity field models

Three GGMs have been selected for this investigation: TIM R3 (Pail
2011), GOCO03S (Pail 2010, Mayer-Gürr 2012) and EGM2008 (Pavlis
2008). The GOCE TIM R3 model is the latest release of GOCE only
models processedwith the time-wise processing strategy. Its nom-
inal resolution is givenwith degree/order (d/o) 250, corresponding
to spatial resolution of approx. 80 km on the Earth surface (half
wavelength). The GOCO03S model was computed as an optimum
combination using data sets from the missions GOCE, GRACE, and
ChallengingMinisatellite Payload (CHAMP, Reigber 2002) aswell as
satellite laser observations. The nominal resolution of GOCO03S is
d/o 250. EGM2008 is a high resolutionmodel up to d/o 2190, a spa-
tial resolutionof 9 km, and combines observationdata fromGRACE
and satellite altimetry as well as terrestrial gravity data. Height
anomalies have been synthesized from these models in the zero-
tide system.

The European Gravimetric Geoid/Quasigeoid EGG2008 (Denker
2013) is a regional geoidmodel for Europe. Thismodel is computed
for an area of 25◦N to 85◦N and 50◦W to 70◦E with a grid distance
of 1′ by 1′ . The long wavelength part has been modeled with the
EIGEN-GL04C, aglobal gravity eldmodel of thepreGOCEera com-
puted from CHAMP, GRACE and terrestrial data. For consistency to

the EVRS and its reference point Normaal Amsterdams Peil (NAP) a
constant offset of 0.300 m has been considered. EGG2008 is given
in the zero-tide system.

2.2. Ellipsoidal and physical heights

The ellipsoidal heights determined by GNSS observations and the
physical heights from national leveling observations are part of a
database of continental GNSS/leveling points. The data have been
collected within the EUVN_DA project, the densi cation action of
the European Uni ed Vertical Reference Network (EUVN) as an ef-
fort of EUREF, the Sub-commission for the European Geodetic Ref-
erence Frames within Commission 1 of the International Associa-
tion of Geodesy (IAG) (Kenyeres 2010). In total, 1316 inhomoge-
neously distributed points across the European continent could be
used.

In addition to the uni ed EUVN_DA dataset, most countries pro-
vided also physical heights in their national vertical reference
frames. These may differ in the reference level, height system type
and tidal system. In Europe, normal heights, orthometric heights,
normal orthometric heights and also pure leveled heights without
any gravity reduction are in use. Some of the national heights are
given in zero-tidal or non-tidal systems. If no tidal correction has
been applied, the mean-tide system is assumed for heights ob-
tained from leveling networks. Table 1 summarizes the character-
istics of the national physical height data sets. At present, the data
base does not contain national physical heights for Belgium and
Estonia. More detailed information on the national height refer-
ence systems in Europe can be found in the Information and Ser-
vice System for European Coordinate Reference Systems (CRS-EU,
www.crs-geo.eu).

All analyses have been performed in the zero-tide system. If nec-
essary, ellipsoidal and physical heights have to be converted. El-
lipsoidal heights, determined with commonly used GNSS data an-
alyzing software packages are given in the non-tidal system. The
ellipsoidal height hz of a point P with latitude ϕ computes from
its non-tidal ellipsoidal height hn with (see e.g. Ekman 1989) [in
meters]

hz = hn + δh
n→z

and

δh
n→z = −h(0.099 − 0.296 sin2 ϕ) (1)

The Love number h ≈ 0.61 describes the elastic response of the
Earth to tides.

www.crs-geo.eu
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A zero-tidal physical heightHz atP computes fromHn in the non-
tidal system with [in meters]

Hz = Hn + δH
n→z

and

δH
n→z = (k − h)(0.099 − 0.296 sin2 ϕ) (2)

In addition to h the Love number k ≈ 0.30 is needed for this
transformation (Ekman 1989). Accordingly, the transformation of
Hm in the mean-tide system to zero-tide is

Hz = Hm + δH
m→z

with

δH
m→z = 0.099 − 0.296 sin2 ϕ (3)

3. Combination of GOCE GGM and EGG2008

Satellite-only GGMs are limited in their spatial resolution. Beyond
a resolution of about d/o 200, corresponding to about 100 km, the
model accuracy is rapidly decreasing. The limited spatial resolu-
tion causes an omission error, which reaches about 35 cm for Ger-
many (Rülke 2012). In order to achieve higher spatial resolutions
for the nalmodel, terrestrial information need to be incorporated.
EGM2008 is a high resolution model of the pre GOCE era. A widely
used technique for the combination of GGMs is the catenation of
sets of spherical harmonic coefficients (shc-combination) of low
resolution satellite-only models with higher degree and order co-
efficients from high resolutionmodels. For example, spherical har-
monic coefficients of a GOCE model up to d/o 190 are extended
by EGM2008 spherical harmonic coefficients from d/o 191 to d/o
2190.

In order to combine the bene ts of GOCE based gravity eld mod-
els on the long wavelengths and the high accuracy of the regional
geoid model on the short wavelengths another simple approach
has been applied which is based on ltering. A grid of values with
the dimension from 30◦N to 80◦N and 20◦W to 40◦E and a grid size
of 5 km by 5 km was synthesized from the global and the regional
gravity eld models, respectively. Assuming that the spectral con-
tents of both models overlap sufficiently, a low pass lter can be
applied to the global and a corresponding high pass lter to the
regional model. Subsequently, both ltered models are added for
the combined model. Here, a Gaussian lter G = e−2(πσf ) with
σ = b/6 and a varying lter width b has been used. The transfer
function of such a lter is displayed in Fig. 1. In parentheses the
(full) wavelengths for a lter width of b =400 km are given.

The combination technique has been made using GOCE TIM R3
and the GOCO03S and the regional model EGG2008. To nd the
optimal lter width b, intervals of 20 km were used to determine
solutions between 100 km to 900 km.
Adataset of height anomalies observed fromGNSS/levelingdata at
954 locations inGermanyhas beenused for the validation. Figure 2
illustrates the standarddeviations of differencesbetweenmodeled
and observed height anomalies for different models and different
lterwidths. A low lterwidthmeans that the ismore incorporated

into the combined model, a high lter width means that the re-
gional model is more incorporated into the combined model. The
estimated numbers are summarized in Table 2. Similar results can
beobtained for thepure EGM2008 andEGG2008models. The stan-
dard deviations are 2.63 cm and 2.80 cm, respectively. The model
combinations based on the catenation of spherical harmonic co-
efficients behave worse. The standard deviations are almost 2 cm
larger for these combined models than for the pure EGM2008 and
EGG2008 models, although the pure models do not bene t from
the higher accuracy of the GOCE coefficients below d/o 190. This
shows, that the catenation of spherical harmonic coefficients from
different sources yields to a set of coefficients for the whole spec-
trum, which is internally not fully consistent.
The combined models that are based on ltering give better re-
sults. The optimal Gaussian lter width for the combination of the
GOCE TIM R3 model and EGG2008 was found at 380 km. Here,
the standard deviation is 2.14 cm. Compared to that, the com-
bined model based on the ltered GOCO03S is slightly worse and
results a standard deviation of 2.44 cm at an optimal Gaussian l-
ter width of 400 km. At present we have no suggestion to explain
the slightly worse performance of GOCO03S in comparison to the
GOCE-onlymodel. The validation of thesewith GNSS/leveling data
sets in other regions of the world shows the opposite results, with
a slightly better performance of the GOCO03S model (R. Pail, per-
sonal communication).
In summary, the ltering approach is a simple technique for the
combination of satellite-only gravity eld models and the regional
gravity eld model EGG2008. Here, the Gaussian lter was inves-
tigated. Other lter types are not a matter of the paper, although
the results might further improve. The performance of the lter-
combinedmodel is better than the pure EGG2008 and signi cantly
better than combinations based on the extension of sets of spher-
ical harmonic coefficients. Thus, lter-combinedmodels represent
a good base for the uni cation of height systems in Europe. Shc-
combined models are not recommended to be used for any appli-
cation.

4. Unification of height system realizations

4.1. Geodetic leveling approach

For the latest adjustment of the United European Levelling Net-
work (UELN) the national leveling networks were made available
to the UELN data center by 27 European countries. The leveling
surveys have been carried out over a large time span and go back
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Table 1. GNSS/Leveling points of the EUVN_DA data set in Europe. Height system realization and tidal system of the national physical heights.

# Points Height System Realization
Country analyzed Name Type Tidal system
Austria 17 Gebrauchshöhen ADRIA (GHA) normal mean
Belgium 0 DNG/TAW normal mean
Bulgaria 26 Baltic 1982 normal mean
Croatia 17 HVRS71 normal orth. mean
Czech Republic 18 Bpv normal mean
Denmark 42 orthometric non
Estonia 0 BHS77 normal mean
Finland 50 N2000 normal zero
France 164 NGF-IGN69 normal mean
Germany 85 DHHN92 normal mean
Great Britain 182 ODN orthometric mean
Hungary 22 EOMA1980 normal mean
Italy 41 Genova 1942 orthometric mean
Latvia 20 normal mean
Lithuania 8 BHS77 normal mean
Netherlands 15 NAP uncorrected non
Norway 64 NN2000 normal zero
Poland 61 Kronstadt 2006 normal non
Portugal 81 RNGAP orthometric mean
Romania 43 normal mean
Slovak Republic 20 Bpv04 normal mean
Slovenia 13 SI-NVN99 normal orth. mean
Spain 173 REDNAP orthometric mean
Sweden 134 RH2000 normal zero
Switzerland LN02 uncorrected mean

20 LN95 orthometric mean

Table 2. Validation of gravity field models vs. observed height
anomalies at 954 points in Germany. The EGM2008 was
developed through d/o 2190.

Model Offset [m] StDev [m]
Pure high resolution models
EGM2008 0.4837 0.0263
EGG2008 0.1720 0.0280
Shc-combined models
TIM R3 190 + EGM2008 0.4910 0.0422
GOCO03S 190 + EGM2008 0.4835 0.0472
Filter-combined models
TIM R3 + EGG2008 filtered 0.4736 0.0214
GOCO03S + EGG2008 filtered 0.4778 0.0244

to the 1920s for someobservation data. Hence, these observations
can not be dedicated to a speci c epoch and height changes with
time can not be considered. As an exception, a post glacial uplift
model hasbeenused to reduce theobservationdata in Fennoscan-
dia and in someareas southof theBaltic Sea to epoch2000. Anum-
ber of cross border observations have been included into the anal-
ysis to connect adjacent countries. These connecting observations
are distributed irregularly. While there is a numerousness of con-
nectionswithin Fennoscandia or betweenGermany, Poland, Czech
Republic, Slovakia and Austria, the number of connections to the
Netherlands, France, Spain, Portugal and Italy is fairly poor. There
is only a single observed connection between continental Europe
andGreat Britain and there are very few connections between con-
tinental Europe and Fennsocandia.

For the computation of the EVRF2007 all UELN observation data
have been combined in an least squares adjustment. The height
datum was de ned by the zero zero level through NAP and is re-
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Figure 2. Validation of pure, shc- and filter-combined geoid models
versus observed height anomalies at 954 GNSS/leveling
points in Germany.

alized by a number of datum points distributed in continental Eu-
rope. EVRF2007 uses GRS80 parameters and is consistently com-
puted in the zero-tide system (Sacher 2009). Finally, three parame-
ters, oneoffset at a referencepointP0(ϕ0, λ0) anda slope innorth-
south and west-east directions were estimated for the transforma-
tion from the national height system into EVRF2007. These trans-
formation parameters also include a potential change from the na-
tional tidal system to the zero-tide system of EVRF2007. An online
computation tool is available at the CRS-EU website.

4.2. Gravity field approach

In the gravity eld (GF) approach height anomalies can be com-
puted from a gravity eld model. They are independent of the
cross-border-observations necessary for the geodetic leveling ap-
proach.

The obtained height anomaly ζz
iObs in zero-tide system computes

from an observed ellipsoidal height ha
i and an observed physical

height Hb
i given in their tidal systems a and b with

ζz
iObs = ha

i + δh
a→z − (Hb

i + δH
b→z) (4)

Ifa andb are not zero-tide, correctionsδ according to Eq. (1) to (3)
need to be considered. This observed height anomaly is now com-
pared to the modeled height anomaly ζz

iMod from a gravity eld
model:

∆ζz
i = ζz

iObs − ζz
iMod (5)

Since ζz
iMod is related toW0 = U0 of the GRS80 reference system,

∆ζz
i is the height of the national height reference system above

U0 of GRS80 in the zero-tide system. Assuming that the gravity
eld model and the heights are error free ∆ζz

i = const is true
for all points i within a speci c national height reference frame. In
reality, signi cant systematic effects may remain of the pure offset
estimation. Here, a 1st order polynomial model (plane model) is
applied in a least squares adjustment. The observation equations
for ∆ζz

i of a point Pi(ϕi, λi) read

∆ζz
i + ê = m1 + m2M0(ϕi − ϕ0) + m3N0(λi − λ0) cos ϕ (6)

The three unknownsm1 , m2 andm3 represent the offset, a North-
South and a West-East tilt, respectively. All observation points
Pi(ϕi, λi) are related to a reference point P0(ϕ0, λ0). M0 and N0

describe the radius of curvature in the meridian and perpendicu-
lar to the meridian of the GRS80 ellipsoid in P0 , respectively. The
residuals ê are computed from themodeled height anomalies ∆̂ζ
and the observed values ∆ζ :

ê = ∆̂ζ − ∆ζ (7)

The standard deviations of ê and the quantities of m2 and m3 are
a measure of the overall error budget of the observation data.

5. Results

5.1. Height reference frame offsets

Height reference frame offsets have been estimated using dif-
ferent gravity eld models: the satellite-only GGM GOCO03S, a
shc-combination model from GOCO03S d/o 190 and EGM2008
and two lter-combinations GOCO03S+EGG2008 and GOCE TIM
R3+EGG2008, respectively. The results are displayed in Fig. 3 (top)
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Figure 3. Comparison of estimated height system offsets and slopes based on different gravity field models. The countries are ordered by its
ascending area. For each country an individual mean value has been subtracted.

and are compiled in Table 3. In order to improve the readability, all
values have been reduced by a mean offset for each country. For
a large number of countries the results of the satellite-only model
GOCO03Swith its limited spatial resolution t already quite well to
the results of theothermodels. Here, thedifferences donot exceed
5 cm. Nevertheless, in some cases, such as Romania, Italy, Norway
and Spain the differences are larger and reach up to 15 cm. It is in-
teresting to note, that in this investigation not the size of a country
but the roughness of the gravity eld dominates the error budget
of the estimate using a low resolution gravity eld model.

The consistency and the reliability of the offset estimates based on
high resolution gravity elds is greater. The height offset estimates
based on different combined models vary by a few centimeters
only, with a maximum of about 5 cm for Austria and Switzerland.
Most probably, this might still be caused by the roughness of the
gravity eld in the highmountain region of the Alps. It can be seen
that the twosolutionsbasedonGOCO03S satellite-onlyGGMagree
better than the two solutions using the EGG2008 as a densi cation

model. Hence, the selection of the GGMmay have signi cant in u-
enceon the nal estimates. In our case the selectionof the regional
model is less important.

Figure 4 compares the offset estimates based on gravity eldmod-
els to the values obtained from the height reference frame uni -
cation based on the UELN. While the GF results are related to U0

of GRS80, the EVRF2007 results are related to NAP. This difference
in the datum causes a difference in the absolute values of both
methods. Therefore, the values for Germany have been set to zero
(Fig. 4, top). For a better reading, an individual offset has been sub-
tracted for each country with respect to the German height refer-
ence frame (Fig. 4, bottom). The agreement between the method
based on spirit leveling and the gravimetric based method is on
the level of a few centimeters. There is no signi cant dependency
on the size of the country, although the gravimetricmethodwill be
limited in small countries, especially if a low resolution gravity eld
model is used. There is no clear evidence, that the agreement for
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Figure 4. Comparison of the estimated height reference frame offsets based on GGMs to the results obtained from the United European Levelling
Net (UELN). The offsets for Germany have been set to be zero. Top: absolute estimates. Bottom: An individual mean value has been
subtracted for each country.

the combinedmodel based offset estimateswith the spirit leveling
results is better than for the satellite-only GGM.

For the interpretation of these results some national issues have to
be taken into account. Following, more details are given.

5.1.1. Switzerland

In Switzerland there are two different sets of heights in use: the
Swiss National Leveling Network LN02 and the National Height
Network LHN95. The heights of LN02 have not been corrected for
gravity effects and represent the official heights for Switzerland
which are commonly used for mapping and surveying applica-
tions. The LHN95 is a orthometric height system and is used in the
Swiss national survey. The differences between the two systems
depend on the altitude and are approximately between -0.15 m
and +0.15 m and may reach +0.35 m in an altitude of 2000 m. The
national heights used within this investigation are in the LHN95
system. In contrast, the estimated offsets published on the CRS-EU
website refer to the LN02 height system.

5.1.2. Great Britain

In Great Britain three geodetic leveling epochs have been ob-
served. While the rst leveling epoch was observed in the mid-
dle of the nineteenth century, the network was re-observed piece-
wise between 1912 and 1951. A more homogeneous third obser-
vation was done between 1951 and 1958. The analyses showed

unexpected large systematic differences of the third epoch in com-
parison to the second epoch as well as discrepancies to tide gauge
observations. Therefore, it was decided to hold the heights of sev-
eral fundamental benchmarks xed to the second epoch values
and adjust the third geodetic leveling to them (Christie 1994). As
a consequence, the heights used for Great Britain within this study
are given in the datumof the second British leveling epoch. In con-
trast, the height differences of third geodetic leveling epoch were
used within UELN adjustment without these restrictions. A com-
parison of the orthometric heights to the United Kingdom GRACE
based geoid OSGM05 showed a signi cant North to South gradi-
ent of -1.2 cm per degree of latitude, which can be attributed to
the leveling network (Ziebart 2008).

5.2. Verification of national height reference frames

Assuming that the error contributions of the ellipsoidal heights
and the geoid model can be neglected, the GF approach esti-
mates of the slopes allow interpretations of linear systematic error
sources in the leveling networks. The size of the estimated values is
rather inhomogeneous. Some countries show small values, such as
Finland, Poland or Sweden. In other countries the tilt is signi cant
larger, such as France or Great Britain. For other countries, such as
Slovenia or Latvia, there are also large values, but due to the small
extent of the countries the estimate is unsure.
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The tilt of the British network in the direction of the meridian is es-
timated to be 2.0 cm/100 km going up northwards. The sign cor-
responds to a value of 1.1 cm/100 km by Ziebart (2008), although
the size is almost twice as much.

Since the slope estimates of the spirit leveling approach and the
GF approach refer to different reference surfaces, it is not useful to
compare them. In the GF approach the evaluation of remaining
systematic errors provide valuable information, since geoid and
GNSS/leveling data sets are independent. The analysis of the pat-
terns of the residuals ê (cf. Eq. (7)) allows the detection of regional
correlations of errors thatmight also be caused by errors in the lev-
eling networks (Fig. 5). Figure 6 illustrates possible spatial correla-
tions within the residuals in Germany.

The estimated standard deviations in Table 3 incorporate the er-
ror budgets of the used ellipsoidal heights, physical heights and
the gravity eld model. Ellipsoidal heights in a global reference

+10 cm

-10 cm

Figure 5. Residuals of observed height anomalies at European
GNSS/leveling points vs. plane model computed with the
GF approach. The filter-combined GOCO03S+EGG2008
model has been used as the gravity field model.

frame can be determined with GNSS at an accuracy level of about
1 cm or better (Rülke 2008). Satellite gravity missions have signi -
cantly improved GGMs and in combination with regional high res-
olution gravity eld model they provide an accuracy of the geoid
of about 2 cm all over Europe. Hence, differences in the standard
deviations permit some conclusions on the quality of the national
leveling networks. A typical accuracywithin leveling networks is in
the order of 1 mm/km (e.g. Sacher 2009). Taking into account this
error budget, a standarddeviationof less than3 cm indicates a very
good levelingnetwork. This is the case for 10 out of 23 investigated
height reference systems. Standard deviations of more than 7 cm
indicate large inhomogeneities within leveling networks. This is
the case in 4 countries, such as Italy, Portugal, Romania and Spain.
Since national leveling networks are linked to each other in the
spirit leveling approach, height reference frame offset estimates
might be in uenced by such large inhomogeneities within single
countries. In the GF approach this fact is of less importance.

5.3. Comparison of height reference frame offsets

In order to connect the national heights at two points P i
1(ϕ1, λ1)

and P j
2(ϕ2, λ2) in different countries i and j the following proce-

dure has to be applied: The estimated offsets and slopes for coun-

+5 cm

-5 cm

Figure 6. Residuals of observed height anomalies at European
GNSS/leveling points vs. plane model computed with
the GF approach in Germany. The filter-combined
GOCO03S+EGG2008 model has been used as the gravity
field model.
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Table 3. Height reference frame unification in Europe using the GF approach based on the filter-combined GOCO03S+EGG2008 gravity field
model: Estimated offsets and slopes. All values refer to U0 GRS80 and are computed in the zero-tide system.

Country ϕ0 λ0 #Points StDev Offset N-S Tilt W-E Tilt
[deg.] [deg.] [m] [m] [m/100 km] [m/100 km]

Austria 47.533 14.450 17 0.038 0.097 -0.081 -0.039
Bulgaria 42.625 25.377 26 0.052 0.644 -0.053 0.038
Croatia 45.350 16.367 17 0.032 0.095 0.006 0.011
Czech Rep. 49.917 15.250 18 0.027 0.527 0.029 0.033
Denmark 56.033 9.233 42 0.018 0.201 0.016 0.041
Finland 64.917 27.533 50 0.024 0.270 0.004 0.005
France 46.817 2.583 164 0.045 -0.132 -0.052 0.020
Germany 51.050 10.217 85 0.022 0.383 -0.017 0.021
Great Britain 54.583 -2.250 182 0.046 -0.018 -0.042 0.020
Hungary 46.983 19.583 22 0.026 0.577 0.056 -0.012
Italy 42.583 12.967 41 0.071 0.185 -0.003 0.105
Latvia 56.967 24.883 20 0.055 0.541 0.094 -0.050
Lithuania 55.300 24.017 8 0.032 0.523 -0.046 -0.011
Netherlands 52.233 5.767 15 0.019 0.247 -0.053 0.032
Norway 62.217 9.567 64 0.043 0.247 -0.019 0.039
Poland 52.067 19.417 61 0.014 0.488 -0.015 -0.000
Portugal 39.783 -8.217 81 0.102 0.014 -0.058 0.077
Romania 46.017 24.817 43 0.112 0.483 0.046 0.013
Slovakia 48.633 19.250 20 0.026 0.569 -0.069 -0.015
Slovenia 46.000 15.000 13 0.022 0.027 -0.137 0.064
Spain 40.772 -3.660 173 0.086 -0.103 -0.028 0.014
Sweden 61.900 15.800 134 0.022 0.261 -0.003 0.008
Switzerland 47.000 8.400 20 0.045 0.254 -0.060 -0.027

try i and j as well as the reference point P0 from Table 3 have to
introduced into Eq. (6) and∆ζz

1 and∆ζz
2 is computed in the zero-

tide system for the pointsP1 andP2. Finally, if the national height
system is not realized as a zero-tide system, a tidal correction need
to be considered following Eqs. (2) or (3).

In 1994 a leveling through theChannel Tunnel betweenFolkestone
in England and Coquelles in France was carried out by a British
and a French surveying team. Although theobservedheight differ-
ences differ by about 3.7 cm, it was computed that the British da-
tum is 40 cm±2 cm above the French datum (Greaves 2007). This
observation has not been included into the UELN and can there-
fore beused for an independent validation. Using theUELN results,
a height offset between Folkestone and Coquelles of 47.2 cm is
computed. With the estimated offsets and tilts of the GF approach
the height reference frame difference between Folkestone and Co-
quelles results in 33.8 cm. Figure 7 displays the regional residuals ê
(cf. Eq. (7)) of the plane estimate. Assuming that the residuals rep-
resent regional pattern of errors in the leveling systems, another 3
to 4 cm can be added for Great Britain and about 2 cm for France.

This results in a height reference frame difference between both
countrieswhich is in a good agreement to the 40 cmobtained from
leveling through the tunnel. This shows that the consideration of
regional residual patternmay further increase the accuracy and re-
liability of the result.

6. Summary and outlook

The gravity based approach is one of three approaches for the uni-
cation of height reference frames. At more than 1300 points,

which are distributed irregularly over Europe, physical heights
given in European national height reference frames and GNSS de-
rived ellipsoidal heights have been available.

Differentgravity eldmodels havebeen selected: the satellite-only
gravity eldmodelGOCO03S as apuremodel up tod/o 250 andex-
tendend in a speci c way with EGM2008 or the European regional
gravity eld model EGG2008. Additionally, with GOCE TIM R3, a
GOCE only model has been used in combination with EGG2008.

The results based on the global satellite-only gravity eld model
GOCO03S up d/o 250, representing a spatial resolution of about
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Table 4. Height reference frame unification in Europe: Estimated
offsets from GF approach based on the filter-combined
GOCO03S+EGG2008 model and geodetic leveling ap-
proach. All offsets are given in the national tidal system and
have been reduced by the corresponding German value.

Country national GF Geod. Lev.
tidal system [m] [m]

Austria mean -0.269 -0.350
Bulgaria mean 0.304 0.213
Croatia mean -0.259 -0.328
Czech Rep. mean 0.149 0.115
Denmark non -0.069 -0.019
Finland zero -0.033 -0.024
France mean -0.494 -0.486
Germany mean 0.000 0.000
Great Britain mean -0.418 0.030
Hungary mean 0.214 0.147
Italy mean -0.155 -0.291
Latvia mean 0.129 0.139
Lithuania mean 0.119 0.106
Netherlands non -0.029 0.009
Norway zero -0.056 -0.023
Poland non 0.211 0.156
Portugal mean -0.311 -0.265
Romania mean 0.125 0.047
Slovakia mean 0.198 0.126
Slovenia mean -0.331 -0.402
Spain mean -0.433 -0.501
Sweden zero -0.042 -0.023
Switzerland mean -0.108 -0.143

100 km (half wavelength), already gives satisfactory results for the
offset estimates on an accuracy level of about 5 cm for the most
cases. Due to its limited spatial resolution the model may cause
larger differences up to 15 cm in areas with a rough gravity eld,
e.g. in mountainous areas. In general, the in uence of the country
size is rather small although this might not be true for very small
areas below the spatial resolution of the gravity eld model.

GOCEhas signi cantly increased theusability of satellite-only grav-
ity eld models for applications like height reference frame uni -
cation. This is of special value for areas with a lack of high quality
terrestrial gravity data. For the veri cation of national height refer-
ence frames, a satellite-only gravity eld model is not sufficient.

High resolution models, such as EGM2008 or regional models,
such as EGG2008, can be used to further improve the results. A
widely used strategy extends the spherical harmonic coefficients
of the satellite-only model by EGM2008 values. Doing so, inhomo-
geneities between the two models may decrease the accuracy of

the combined model considerably. In a comparison to observed
height anomalies at GNSS/leveling points in Germany, it could be
shown, that this extended model even performs worse than the
pure EGM2008. The performance of EGM2008 and EGG2008 is al-
most on the same level in Germany. The standard deviations are
2.80 cm and 2.63 cm for the EGG2008 and the EGM2008, respec-
tively. Finally, EGG2008was selected for the extension of GOCO03S
andGOCETIMR3models. In a simple approach, basedonGaussian
ltering, the global and the regional models were combined. The

resulting combined models performed better when compared to
the pure EGM2008 or EGG2008. The estimated standard deviation
is 2.1 cm for theGOCETIMR3and2.4 cm for theGOCO03Smodel. A
further improvement could be expected, if spaceborne and terres-
trial observations are combined in a joint analysis using a realistic
stochastic model.

The comparison of the results to the estimated offsets from the
leveling approach gives an agreement of up to 5 cm for the most
countries.

High resolution gravity elds provide an independent validation
method of national leveling data sets. Especially, they allow an in-
quiry of national leveling networks for systematic errors.

The GOCE mission has signi cantly improved the capabilities of
unifying height reference frames. Due to its global applicability,
the gravimetric approach is the preferred method for the realiza-
tion of a World Height System.

Folkestone

Coquelles

England

France

+5 cm

-5 cm

Figure 7. Residuals of observed height anomalies at European
GNSS/leveling points vs. plane model computed with the
GF approach in the Channel region. The filter-combined
GOCO03S+EGG2008 model has been used as the grav-
ity field model.
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