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Abstract

The present paper describes the results of the author’s work related to the geoid determination
in the area of Poland. Beginning from the geoid model geoid92 worked out in 1992, various geoid
models calculated from various data sets, using various methods, are presented. Additionally, the
evaluation of the accuracy of the determined geoid models is given. Next, the necessity of the fitting of
computed geoid models to the national vertical reference system and the evaluation of the accuracy of
the functionals N, Ag, &, n of the gravity field calculated from the various geopotential models are
presented.

It results from the presented investigations, that at present the accuracy of gravimetric
geoid/quasigeoid models is + 1.4 cm and accuracy of geoid computed from geopotential model EGMO08
is 2.4 cm. It is stated additionally that accuracy of gravity anomalies computed from the EGM08
model is + 25 um s2, while accuracy of the deflections of the vertical £ and 7 is from +0.6” to + 0.7”".
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Abstrakt

W pracy przedstawiono wyniki badan dotyczacych przebiegu geoidy na obszarze Polski.
Poczynajac od modelu geoid92, opracowanego w 1992 roku, w artykule przestawiono kolejne modele
geoidy liczone z réznych danych i r6znymi metodami wraz z ich charakterystyka dokladnosciowa.
Uzasadniono konieczno§¢ dopasowania wyliczonych modeli geoidy do krajowego uktadu
wysokoSciowego oraz podano doktadnoSci charakterystyk pola sily ciezkoSci N, Ag, &, n obliczanych
z kolejnych modeli geopotencjalu.

Z wynikéw badan wynika, ze obecnie doktadno§é grawimetrycznych modeli geoidy/quasi-geoidy
wynosi +1,4 cm, a doktadnoséé geoidy wyliczonej z modelu geopotencjalu EGMO08 +2,4 cm. Dodatkowo
stwierdzono, ze dokladno$¢ anomalii grawimetrycznych wyliczonych z modelu EGMO08 wynosi
+25 um s72, a doktadno$é sktadowych odchylen pionu i 17 od +0.6” do +0.7”.
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Introduction

Geoid has the basic role in geodesy, oceanography and geophysics. It serves
in geodesy and oceanography, as the reference surface describing the topogra-
phy of continents and oceanic surfaces. One uses geoid in geophysics, as the
representation of the gravity field which reflects the expansion of earth mass
situated in the depth of the Earth.

The paper is based on report presented at the conference dedicated to the
fifth anniversary of Institute of Geodesy and Geoinformatics in Wroclaw. The
main aim of this paper is to show, how in author’s investigations, methods and
data in geoid/quasigeoid models computation in the area of Poland has changed
and how the accuracy of successive models have increased. Beside geoid
determination it presents computation of gravimetric deflections of the vertical
e.g. (Lyszkowicz 1996a) and recapitulations of these investigations are also in
this paper. More and better geopotential models create a new possibility in
getting the gravity anomalies and the deflections of the vertical without
necessity of laborious field measurements. In the present paper the newest
author’s investigations in this matter are presented.

The paper consists of nine sections. After the introduction, in the second
section the accuracy evaluation of geoid undulations, deflections of the vertical
and gravimetric anomalies are presented. In the next section, briefly an
overview of the basis of geoid calculation from gravimetric data and then geoid
models computed by the author in the last 20 years are presented. Section four
contains information relating to the determination of geoid from the deflec-
tions of the vertical by the collocation method. Section five deals with the
necessity of fitting computed geoid models to the vertical reference system, and
then various ways of such fitting are considered. Then it is shown how the
accuracy of geoid computed from various geopotential models increased in the
last 20 years. Last section contains recapitulation and conclusions.

Evaluation of geoid accuracy

The estimation of geoid/quasigeoid accuracy was for many years unusually
difficult. At the moment when appeared the possibility of the establishment of
geodetic networks by the satellite GPS method appeared, the estimation of
geoid accuracy simplified considerably and it looks as follows.

The relationship between geoid undulation N, ellipsoidal height 2 and
orthometric height H is.

h=H+ N (1)
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From this formula it follows, that if the points of a satellite network at
which ellipsoidal heights 2 were determined from satellite observation are tied
to the national levelling network, then the geoid/quasigeoid heights at these
points can be computed from relationship.

Nig'ps/levelling — hi _ Hi (2)

From the available (e.g. gravimetric) geoid/quasigeoid models, the distance
between geoid and ellipsoid N;#= can be computed at the points of a satellite
network and then the differences can be created

éNi — Nigps/levelling _ Nigrav (3)

from which mean value ¥ and the empirical standard deviation 6y can be
computed. So computed empirical standard deviation &y is an estimation of
absolute accuracy of geoid models. The method of estimation of the relative
accuracy of geoid/quasigeoid models is more complicated and is given e.g. in the
paper (Lyszkowicz 2009a).

In a case of estimation of gravity anomalies Aggy computed from geopoten-
tial models, these anomalies are compared with gravity anomalies Ag obtained
from terrestrial measurements and then the differences are created as

Ag; = A - Ag; 4)

Empirical standard deviation &, of differences is an estimate of the
accuracy of gravimetric anomalies computed from geopotential models.

In similar way is estimated the accuracy the deflections of the vertical
computed from geopotential model or gravity data is estimated

66 = &M -¢&

%)

on; = UiGM

-

where M, 7,°M are computed from a geopotential model or gravity data and ¢,
7; are astrogeodetic deflections of the vertical. Empirical standard deviations
6, 0, of differences are estimate of the accuracy of deflections.

In the present work to estimate the accuracy of geoid/quasigeoid models the
POLREF network and control traverse were used. POLREF network consists
of 360 points measured in campaigns from July 1994 till May 1995 (ZIELINSKI
et al. 1997). Traverse is about 868 km length, running through the whole area
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of Poland, consisting from 190 points, measured in five campaigns in the years
2003-2004 (KRYNSKI et al. 2005). The points of the POLREF network and
traverse were tied up to the precise levelling network whose heights are
expressed in Kronsztadt86 system.

The gravimetric data used for the evaluation of accuracy of anomalies
computed from successive geopotential models and also to calculate the
successive versions of gravimetric geoid/quasigeoid models contains data from
the following area: Poland, Czech Republic, Slovakia, Hungary, Romania,
Ukraine, Germany and Denmark and they are describes in detail in (Lys-
ZKOWICZ 1994).

To estimate the accuracy of deflections of the vertical determined from
geopotential models and to compute astrogeodetic geoid by the collocation
method, 171 astrogeodetic deflections of the vertical measured during years
1967-1981 were used (Katalog 1981). These deflections were then improved
(ROGOWSKI et al. 2003) because of the new star catalogue, movements of the
pole, time system and horizontal reference system and these improved deflec-
tions were used in our computations.

Geoid computation from Stokes integral
and by the collocation method

The general adopted strategy of the geoid/quasigeoid calculation consists of
combination of three effects: global, regional and local which are represented
suitably through geopotential model GM, mean residual Faye anomalies and
the topography

N = Ngm + Nyg,.. + Nu (6)

Term Ngy represents the contribution of spherical harmonic coefficients,
while the term N, represents the contribution of residual Faye anomalies
after removing the effects due to the geopotential model

Agres = AgFA - AgGM (7)

The term Ny in equation (6) is defined, as the indirect effect on geoid and
represents the change of the equipotential surface after applying terrain
reduction to Ag.

Component N, can be computed from Stokes integral which is evaluated
by the fast Fourier transforms (FFT) or by the collocation method. Computed
geoid undulations can be when transform into quasigeoid according to the
equation
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c=N—A%H (®)

where Agg is Bouguer anomaly, y is mean normal gravity and H is topographic
height.

Gravimetric geoid models

In the present chapter are presented the successive versions of gravimetric
geoid/quasigeoid models, which were computed by the author for the area of
Poland in the last 20 years. In the description of the models, we pay attention
to gravity data, methods of computation and obtained accuracy.

Model geoid92

The first gravimetric geoid model for Central Europe, including Poland,
was computed in 1949 (TANNI 1949) and has very low accuracy. The first
gravimetric geoid model for the area of Poland was computed at the Depart-
ment of Planetary Geodesy, Polish Academy of Sciences in 1993. This model
was computed by the combination of collocation and the integral method and it
is based on the OSU81 geopotential model to degree and order 80 and on 6000
Faye gravity anomalies from the area of Poland. The estimation shows that the
accuracy of this model is on the level of + 26 cm (L.yszKowIicz 1993).

Model geoid94

The second gravimetric geoid model for the area of Poland geoid94 was
computed using Stokes integral which was evaluated by the FFT method and is
based on a much bigger sets of gravimetric data (about 8000 additional mean
anomalies), topographic data and geopotential model OSU91 to degree and
order 360 (L.yszKowicz, DENKER 1994). The accuracy of this model is es-
timated? as +14 cm.

Model quasi95
In 1994 within realization of the research project of Committee of Scientific

Research (CSR) (L.ysZKOWICZ 1995) a new set of mean Faye anomalies was used

I The evaluation of this model was done in 1993 on 10 points of the EUREF network, what means
that estimation of accuracy is not realistic.
2 New evaluation done in 2010 on the basis of all points of POLREF network.
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in the geoid computation for the area of Poland in a grid I’ x I’. These data
together with gravimetric data collected from neighbouring countries and
digital terrain model in a grid 1.5’ x 3’ interpolated from the terrain model in
a grid 30’ x 30’ for Poland, and 5’ x 7.5’ for the neighbouring areas were used to
compute the first gravimetric quasigeoid model named quasi95 (LYSZKOWICZ,
FORSBERG 1995). The calculation of this model was conducted with the
utilization of fast Fourier transforms (FFT). In these calculations the global
geopotential model OSU91 was used to degree and order 360. The accuracy of
this model is estimated® as + 8.7 cm.

This model was fitted to the vertical reference system Kronsztadt86
(section 7) and was made accessible to practical use by Head Office of Geodesy
and Cartography in 1996 (LySzZzKOowicz 1997).

Model quasi97b

Next quasigeoid model named quasi97b was computed in 1997 from at least
140 000 point and mean gravity anomalies and a new geopotential model
EGM96 to degree and order 360 (LEMOINE at al. 1998) by fast Fourier
transforms (FFT) method. This model was realized within the project ordered
by Committee of Scientific Research (Lyszkowicz 1998) and together
with suitable software it was delivered to Head Office of Geodesy and
Cartography to be used in geodetic practice. The accuracy of this model is
estimated as + 3.5 cm.

In order to use in practice quasi97b model, it was fitted to vertical reference
system Kronsztadt86 by the collocation method. Accuracy of fitted quasi97b
model is estimated as + 1.0 cm (Lyszrowicz 2000)%.

Model quasi09a

Computed in 2009 the next version of gravimetric quasigeoid model named
quasi09 was developed on the basis of gravimetric data, which consists of the
set of mean anomalies from the area of Poland (KRYNSKI 2007) and of data
from neighbouring countries. Additionally during the calculations topographi-
cal data were used, that is DTED (Digital Terrain Elevation Data) model and
SRTM (Shuttle Radar Topography Mission) model. The gravimetric model
quasi09a was computed with the use of gravity data described above and
geopotential model EGMOS8 to degree and order 2190 (PAVLIS et al. 2008) by the
fast Fourier method (Liyszkowicz 2009b).

3 New evaluation done in 2010 on the basis of all points of POLREF network.
* This evaluation is probably too optimistic.
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Accuracy of quasi09a model estimated at the points of POLREF network
gives a mean error of + 3.5 cm, while analogous estimation at the points of the
traverse gives a mean error + 2.7 cm.

Model quasi09c

In 2009, for the first time in Poland, a gravimetric quasigeoid model
(quasiO9c) was computed by the collocation method and, for the first time the
mean square error of the term N, present in formula (6) was estimated. The
error of this component over the area of Poland is from 0.3 cm to 0.4 cm
(L.yszrowicz 2010a).

Estimation of the accuracy of quasi09c model on the points of the network
POLREF gives the mean error +3.2 cm, while analogous judgment conducted
on the points of the traverse gives the mean error +1.8 cm (LySzZKOwWICZ 2010a).
Additional data in the form of 171 astrogeodetic deflections of the vertical did
not improve noticeably the accuracy of this model.

Geoid “GUGIK 2001”

The next published version of the quasigeoid model approved in 2001 by
the Head Office of Geodesy and Cartography to be used in geodetic practice
was the model named “GUGIK 2001” (PAzus 2001). This model came into
being as a result of the fitting to the vertical reference system Kronsztad86 the
gravimetric quasigeoid model quasi97b using spline functions of degree 3
(PAZUS et al. 2002).

In the present work estimation of the accuracy of this model was done at
140 points of the traverse and we get the mean square error of this model +1.8
cm. Estimation of accuracy of the deflection of the vertical computed from this
model was done on 171 points of the astrogeodetic network and we got a mean
error of the components £ and 1 as 0.60°” and 0.68’’ second of arc respectively.

Graphical illustration of the accuracy of the various gravimetric
geoid/quasigeoid models are given in figure 1.

Geoid from deflections of the vertical by Helmert
and collocation methods

The aim of this investigation was to use the first time in Poland the
collocation method to determine a geoid model from astrogeodetic deflections
of the vertical and show that this method is significantly better than the
classical Helmert method.
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Deflections of the vertical are traditionally used to the determination the
geoid in a local or regional scale. The first astrogeodetic geoid model for the
area of Poland was determined in 1961 (BOKUN 1961) and the next as-
trogeodetic geoid model was determined in 2005 (ROGOWSKI et al. 2005). This
last model was an improved one due to the removal of systematic errors, in
astrogeodetic and astrogravimetric deflections of the vertical.

The latest improved astrogeodetic geoid model is presented in the paper
(Liyszrowicz 2010b). It was computed for the area of Poland, by the use
improved data and a better computational algorithm, the collocation method.
The theoretical fundamentals of the astronomical levelling and collocation
method are given briefly e.g. in paper (L.YSZKOWICZ 2010b, sec. I). In the same
paper an evaluation of the accuracy of the deflections of the vertical and
weights estimation is given.

Section II of the paper (LySZKOWICZ 2010c) describes four computed geoid
models, namely: two models from the improved astrogeodetic and astrog-
ravimetric data by the Helmert method and models from the same two data
sets but computed by the least squares collocation method.

These models were compared with quasigeoid undulation Nerslevelling gt the
points of the satellite POLREF network. The results of the comparison show,
that geoid model determined by the collocation method is characterize by an
accuracy of £12 cm — +7 cm and is 5-7 times better than the accuracy of the
models computed by the classical method.

Geoid fitting to the vertical reference system

In practice the relationship (1) is not fulfiled and each component in
equation (1) is affected by systematic errors that can be written in the form

h + 6h = (H + 6H) + (N + 6N) 9)
Equation (9) can be written in the form
h=H+ N+ (6H+ 6N-6h)orh=H+ N +¢ (10)

where ¢ is correction surface that enables more precise transformation of
heights H from spirit levelling into ellipsoidal heights & from satellite GPS
observations and vice versa. Correction surface ¢ can be determined from
certain parametric models given in table 1 and additionally by the collocation
method e.g. (Liyszkowicz 2000).

Model#1 in table 1 contains one parameter which can be interpreted as
a constant shift between the considered surfaces. Model#1 was used to assess
the accuracy of geoid models described in the previous sections of this paper.



Geoid in the Area of Poland... 57

Model#2 contains two additional parameters which represent mean north-
south and east-west inclination e.g. between the gravimetric geoid and geoid
from GPS and levelling.

Model#3 is commonly known as four parameter model which geometrically
represents three shifts along the x, y z axis and scale change of reference
systems i.e. geoid heights with respect to GPS heights or the opposite.

Finally, models #4, #5 and #6 represent height-dependent linear corrector
surfaces that constrain the relation between ellipsoidal, normal and
quasigeoidal heights in terms of the generalized equation

h-Q1 + 5SH)H— (1 5SH) = Qo (11)

The above equation takes into consideration the fact that the spatial scale
of GPS heights does not necessarily match with the spatial scale induced by
quasigeoid undulations of the geopotential model quasigeoid undulations
and/or the inherent scale of normal heights obtained from spirit levelling.
Moreover, the geopotential model of quasigeoid heights and/or local normal
heights are often affected by errors that are correlated, to a certain degree,
with the Earth’s topography, what is a fact that can additionally justify the use
of model #4 or #6 for optimal fitting between {&r¥levelling and ¢

Table 1
List of various parametric models, Korsakis (2008)
Number of the model Type
1 a + (hi-H,-N) =v;
2 ao + a1 (@i — @) + az (4 = &) cosg; + (hi - H; = N) = y;
3 ao + a1 cosg; cosA; + ap cosg; sink; + as sing; + (h; - H;— N;) = v;
4 ao + Ssu H; + (hi-H;-N) = v;
5 ap + 65, H; + (h; - H;, - N;) = v;
6 ag + 8sy Hy + 65y + (hi— Hi— N)) = v,

In the paper (L.yszkowicz 2009a) the accuracy of fitting of the quasigeoid
undulation computed from the EGM08 model to the vertical reference system
Kronsztadt86 with the use of various parametric models (Table 1) was tested.
From these investigations it can be concluded that the model #2 and #3 which
are commonly used in practice e.g. (FORSBERG 1998) give somewhat better
results than the remaining models. The best results are given by the paramet-
ric model #3 which makes possible to fit the quasigeoid from EGMO08 to the
vertical reference system in Poland with the accuracy +2.4 cm (LYSZKOWICZ
2009a) and therefore it will be used in our further calculations.
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Fig. 1. Accuracy comparison of various geoid/quasigeoid models before and after fitting to the vertical
reference system Kronsztad86 in Poland

Figure 1 represents the accuracy evaluation of various geoid/quasigeoid
models before and after fitting to the vertical reference system Kronsztadt86.
From figure 1 it can be seen that in the case of geoid94 model if we apply the
parametric model #3 then geoid94 can be fitted to the vertical reference
system Kronsztadt86 with an accuracy of 9.1 cm.

If to the quasi95 (= quasi96) model we apply the parametric model #3,
then the fit to the vertical reference system is with accuracy +3.8 ecm. On the
other hand quasi97b model was fitted to the vertical reference system by the
collocation method and surprisingly good accuracy of the fitting +1.0 cm was
obtained (L.yszkowicz 2000).

Evaluation of accuracy of the fitted quasi09a model (parametric model#3)
at the points of the POLREF network gives a mean error +3.1 cm (L.YSZKOWICZ
2009c¢). Accuracy of the quasi09¢ model computed from gravimetric data and
geopotential model EGMO08 by the collocation method after fitting to the
vertical reference height system by the least squares collocation method,
performed in this paper gives a mean error on the level of +1.4 cm.

Accuracy of the fitting of EGM08 model to the vertical reference system
Kronsztadt86 with the utilization of parametric model #3 is the same as by the
collocation method and is equal to +2.4 cm.

All accuracy evaluations given here were determined on the basis of the
POLREF network. Investigations of the control traverse show, somewhat better
accuracy. For example EGMO08 model fits to the POLREF network with an
accuracy 2.4 cm while the fit to the points of the control traverse is £1.9 cm.

Model “GUGK 2001 approved in 2001 by the Head Office of Geodesy and
Cartography is already a model which fits to the vertical reference system and
therefore its new fitting was not done in the present paper leaving in the
suitable place of figure 1 the value zero.
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Geoid, gravity anomalies and deflections of the vertical
from geopotential models

Information about the gravity field can be obtained from direct gravimetric
measurements or computed from geopotential models. The first geopotential
model up to degree and order 8 was elaborated by Zongolowicz in 1956 and
characterized by low accuracy e.g. geoid heights could be computed with an
accuracy of +8 meters. The most recent geopotential model EGMO08 enables to
compute the geoid with the accuracy of few centimetres.

The aim of the preset section is to show how the accuracy of models:
GEM-10B to the degree and order 36 (LERCH et al. 1978), OSU81 to the degree
and order 180 (RAPP 1981), OSU91 to the degree and order 360 (RAPP et al.
1991), EGMOS8 to the degree and order 2100 (PAVLIS et al. 2008) during the last
50 years increased significantly.

The quasigeoid heights can be computed from the general formula

n n

GM S (2F 5 (1 cos mA + Sun sin mA) Pon (sing) (12)
m=0

af)¢)ﬂj = &)+ —

ry n=2

a
r

where C,,,, S.... are fully normalized spherical harmonic coefficients of degree
n and order m, nu., is the maximum degree of geopotential model, GM is the
product of the Newtonian gravitational constant and mass of the geopotential
model, r, ¢, 1 are spherical polar coordinates, a is the equatorial radius of the
geopotential model and P,, are the fully normalized associated Legendre
functions. The term ¢ is the zero degree term due to the difference in the mass
of the Earth used in IERS Convention and GRS80 ellipsoid. Detailed descrip-
tion of the term {, is given in the paper e.g. (1.ySZKOWICZ 2009a).

In the present work in an analogous way, gravity anomalies Ag®™ and
deflection of the vertical (™, 7™ were computed from various geopotential
models. All computations were done using the program geocol (TSCHERNING et
al. 1992).

Quasigeoid heights were computed at 360 points of the POLREF network
for the various geopotential models and were compared with “true” heights
according to the formula (3) and then empirical standard deviations were
computed for each model (fig. 2). From figure 2 it results that the accuracy of
{ computed from geopotential models increased extremely (almost 40 times)
and presently without difficulties {'in the area of Poland can be computed with
accuracy of +3.6 cm.
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Fig. 2 Accuracy estimation of { from the various geopotential models

Terrestrial gravity data from the territory of Poland, used to evaluate the
accuracy of gravity anomalies computed from geopotential models, consists of
147 530 mean gravity anomalies computed in a 1’ x 1’ grid. Gravity anomalies
computed from the geopotential model were then compared with anomalies
from terrestrial measurement, equation (4), and on the basis of such computed
differences their accuracy was estimated (fig. 3). From that figure it can be
concluded that at present, gravity anomalies in the area of Poland, can be
computed from the EGMO08 model with an accuracy of +25 pm s2.
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Fig. 3 Accuracy estimation of Ag from the successive geopotential models

171 astrogeodetic deflection of the vertical were used to estimate the
accuracy of the deflections of the vertical £ and 1 computed from the geopoten-
tial models. According to formula (5) appropriate differences were created and
on their basis the accuracy was evaluated. From fig. 4 it can be seen that the
accuracy of deflections of the vertical computed from geopotential models
increase significantly and in of case the last EGMO08 model they are £0.6’’ and
+0.7” for the component & and 71 respectively.
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Gravimetric deflections of the vertical

Traditionally deflections of the vertical are determined at the points of
triangulation network from astronomical observations. The access to gravity
data, which appeared in the last decade of the XX century, makes possible the
computation of deflection of the vertical from Vening-Meinesz formulas.

First computation of gravimetric deflections of the vertical for the territory
of Poland was done for the requests of the Head Office of Geodesy and
Cartography in 1966 (Lyszkowicz 1996a). Deflections of the vertical £ and
n were computed from available at that time gravity anomalies® and geopoten-
tial model OSU91 by the fast Fourier method in a 1.5’ x 3.0’ grid. In order to
assess their accuracy from the gridded data 171 gravimetric deflections of the
vertical were interpolated at the points of astrogeodetic network and then the
differences were computed according to formula (5) and their accuracy was
estimated. This comparison gives mean errors +0.59”’ and +0.47”’ for compo-
nents £ and 7 respectively.

A second computation of gravimetric deflections of the vertical was realized
in 2003 (Liyszkowicz 2003). In this computation the same gravity data set was
used as in previous computation but the new and better geopotential model
EGM96 available at that time. These calculations were made using Vening-
Meinesz formulas, which were evaluated by the fast Fourier transform. The
accuracy of compute deflections of the vertical is +0.55’’ and +0.47"’ for the
component & and 7 respectively.

5 At least 130 000 mean and point Faye anomalies.
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Summary and conclusions

In the last years many geoid/quasigeoid models were computed for the
territory of Poland. These models were computed using different methods and
from various types of data. The computed geoid models i.e. astrogeodetic
models and gravimetric models were computed using fast Fourier transform or
the collocation method while geopotential models were computed from spheri-
cal harmonics coefficients.

Accuracy evaluation of these models was done on the basis of satellite
networks such as POLREF network and control traverse, the points of which
were connected to the national levelling network assuming that heights
INepsllevelling are error-free.

As a result it was found that absolute accuracy of the astrogeodetic geoid
model is £7 cm, accuracy of gravimetric geoid models quasi97b and quasiO9a is
+3.5 cm, while the accuracy of the quasigeoid model computed by collocation is
+3.2 cm. Quasigeoid model computed from the new geopotential EGM08 model
has an accuracy +3.6 cm. The accuracy of the mentioned quasigeoid models
tested on points of the control traverse is much better and is at the level
of +2.5 cm.

By suitable fitting of the quasigeoid model to the national vertical system
one can get the surface, which is obviously not an equipotential surface and in
the literature is called the correction surface. Accuracy of such correction
surface in the case of quasi09c model is +1.4 ¢cm, while in the case of quasigeoid
from geopotential model EGMOS8 is +2.4 em. Accuracy of the model “GUGIK
2001”, which is of course fitted to the vertical system Kronsztadt86 is +1.8 cm.
It means that the above mentioned models have almost the same accuracy, but
the model quasi09 c is the most accurate model.

If we reject the hypothesis that the term Nepsevelling jg error-free, then the
accuracy of these geometrical distances depends on the accuracy of height
h from satellite measurements and on the accuracy of connection to the
vertical reference system. Accepting, that the accuracy of computation of 4 in
the POLREF network is #1 ... £1.5 cm (ZIELINSKI et al. 1997) and, that the
POLREF network was connected to the vertical reference system with the
accuracy of 1.5 cm (WYRZYKOWSKI 1998), (GELO 1994) it means that the
quantity Nerslevelling jg determined with an accuracy of +2.1 ecm, what further
investigations show is a very optimistic opinion. From these evaluations it
appear that the POLREF network is not very suitable to estimate the
accuracy of recent quasigeoid models and new testing networks are indis-
pensable.

This new network could be the ASG-EUPOS network with height compo-
nent determined on the level of a few millimetres and connected to the vertical
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reference system. It should ensure credible evaluation of various
geoid/quasigeoid models and their proper fit to the vertical system (various
possibilities).

Additionally in the present work it was proved that the accuracy of gravity
anomalies computed from EGMO08 model is of the order of +25 um s and the
accuracy of the deflections of the vertical is 0.6 — 0.7, what can replace
difficult astronomic field measurements in many cases.

Translated by AUTHORS
Accepted for print 19.05.2012

References

Bokun J. 1961. Astrogravimetric Geoid Determination Referred to Krassouvski’s ellipsoid in the Area of
Poland (in Polish), Proceedings of the Institute of Geodesy and Cartography, VIII(1).

ForsBERG R. 1998. Geoid Tayloring to GPS - with Example of 1-cm Geoid of Denmark. Reports of the
Finnish Geodetic Institute, 98:4.

GELO S. 1994. Pismo Ministerstwa Gospodarki Przestrzennej i Budownictwa. Warszawa.

Katalog wzglednych odchylen pionu w Polsce. 1981. Instytut Geodezji i Kartografii, Warszawa.

Kotsakis C. 2008. Transforming ellipsoidal heights and geoid undulations between different geodetic
reference frames, Journal of Geodesy, 82: 249-260.

Krynskr J. 2007. Precyzyjne modelowanie quasi-geoidy na obszarze Polski — wyniki i ocena
doktadnosci. Instytut Geodezji i Kartografii, seria monograficzna nr 13.

Krynskr J., Cisak ., Figurski M., MaNk M., Bieniewska H., MoskwiNski M., Sgkowski M.,
ZANIMONSKIY Y., ZAK L. 2005. Przeprowadzenie pomiaréw GPS oraz ewentualnych niezbednych
nawigzan niwelacyjnych na trawersach kontrolnych i opracowanie wynikéw. Instytut Geodezji
i Kartografii, Raport dla Instytutu Geodezji i Kartografii, Warszawa.

LeEmoINE F.G., Kenvon S.C., Factor J.K., TRiMMER R.G., Pavuis N.K., CainN D.S., Cox C.M.,
Krosko S.M., LutHcke S.B., TorrRENCE M.H., WanG Y.M., WiLLiamsoN R.G., PavLis E.C., Rarp R.H,,
OusoNn T.R. 1998. The Development of the Joint NASA GSFC and the National Imagery
and Mapping Agency (NIMA) Geopotential Model EGM96. NASA Technical Paper
NASA/TP1998206 861, Goddard Space Flight Center, Greenbelt, Maryland.

LErcH F.J., WaeNEr C.A., Krosko S.M., BELoTT R.P., LauBscHER R.E., RavyLor W.A. 1978. Gravity
Model Improvement Using Geos3 Altimetry (GEM10A and 10B). 1978 Spring Annual Meeting of
the American Geophysical Union.

Liyszrowicz A. 1993. The Geoid for the Area of Poland. Artificial Satellites, 28(2), Planetary Geodesy,
19: 75-150.

Liyszrowicz A. 1994. Opis algorytmu badania przebiegu geoidy na obszarze Polski, dane grawimet-
ryczne i wysokosciowe, grawimetryczna baza danych. Raport No 11, Centrum Badan Kosmicznych
PAN.

Lyszkowicz A. 1995. Raport z realizacji projektu badawczego KBN nr S605 014 04 ,,Problemy oceny
dokladnoéci przebiegu geoidy wyznaczonej metoda kolokacyjno-catkowg przy zastosowaniu
metody Fast Fourier Transform (FFT)”. Warszawa.

Lyszkowicz A. 1996a. Sprawozdanie techniczne z realizacji umowy nr 17/CBK/96 miedzy Depar-
tamentem Katastru, Geodezji i Kartografii a CBK PAN dotyczacej wyznaczenia skladowych
odchylen pionu i odstepéw quasi-geoidy od geocentrycznej elipsoidy GRS80 w 6852 punktach
podstawowe]j osnowy geodezyjnej. Centrum Badan Kosmicznych PAN, Warszawa.

Lyszrowicz A. 1997. Raport z realizacji umowy 38/CBK/97 miedzy Giéwnym Urzedem Geodezji
i Kartografii a CBK PAN dotyczacy utworzenia dla potrzeb GUGIK systemu obliczania odstepow
quasi-geoidy model QUASI96 od elipsoidy GRS80 dla obszaru Polski. Warszawa.

Lyszrowicz A. 1998. Raport z realizacji projektu zamawianego KBN 008-07 ,Zalozenia naukowe
i metodyczne modernizacji krajowego ukladu wysokosciowego”. Warszawa, maj 1998.



64 Adam Eyszkowicz

Liyszrowicz A. 2000. Improvement of the Quasigeoid model in Poland by GPS and levelling data.
Artificial Satellites, Journal of Planetary Geodesy, 35(1): 3-8.

Lyszrowicz A. 2003. Gravimetric vertical deflections for the area of Poland. Artificial Satellites,
Journal of Planetary Geodesy, 38(4): 107-118.

Liyszrowicz A. 2009a. Assessment of accuracy of EGMO8 model over the area of Poland. Technical
Reports, 12: 118-134.

Liyszrowicz A. 2009b. Badanie wptywu uwzglednienia odchylefi pionu na jakosé grawimetrycznej
quasi-geoidy na obszarze Polski. Raport z realizacji projektu badawczego N N526 2163 33,
Olsztyn.

Lyszrowicz A. 2010a. Quasigeoid for the area of Poland computed by least squares collocation.
Technical Sciences, 13.

Liyszkowicz A. 2010b. Refined astrogravimetric geoid in Poland. Part I. Geomatics and Environmental
Engineering, 4/1.

Lyszrowicz A. 2010c. Refined astrogravimetric geoid in Poland. Part II. Geomatics and Environment-
al Engineering, 4/2.

Liyszrowicz A., DENKER H. 1994. Computation of Gravimetric Geoid for Poland Using FFT. Artificial
Satellites, Planetary Geodesy, 21: 1-11.

Lyszkowicz A., ForsBeErG R. 1995. Gravimetric Geoid for Poland Area Using Spherical FFT. IAG
Bulletin d’Information N.77, IGES Buletin N.4, Special Issue, Milano, pp. 153-161.

Paviris N.K., HoLMmEs S.A., KEnvoN S.C., Factor J.K. 2008. An Earth Gravitational Model to Degree
2160: EGM2008. Presented at the 2008 General Assembly of the European Geosciences Union,
Vienna, Austria, April 13-18.

Pazus R. 2001. Instrukcja Techniczna G-2, Szczegélowa pozioma i wysokosciowa osnowa geodezyjna
i przeliczanie wspotrzednych miedzy uktadami. Glowny Geodeta Kraju, wydanie 5 zmienione,
GUGIK, Warszawa.

Pazus R., Osapa E., OLEINIK S. 2002. Geoida niwelacyjna 2001. Geodeta, 5.

Rapp R.H. 1981. The Earth’s gravity field to degree and order 180 using SEASAT altimeter data,
terrestrial data and other data. OSU Report No 322.

Rapp R.H., WanG Y.M., Paviis N.K. 1991. The Ohio Stale 1991 geopotential and sea surface
topography harmonic coefficient models. Report No. 410, Department of Geodetic Science and
Surveying. The Ohio Stale University, Columbus, Ohio.

Rocowski J.B., Bocusz J., Kusawa L., Krgx M. 2005. Opracowanie metody i utworzenie modelu geoidy
astronomiczno-geodezyjnej. Politechnika Warszawska, Raport dla Instytutu Geodezji i Kartog-
rafii, Warszawa.

Rocowskr J.B., Krgk M. 2003. Ujednolicenie istniejgcych danych astronomiczno-geodezyjnych
z wprowadzeniem do bazy danych. Politechnika Warszawska, Raport dla Instytutu Geodezji
i Kartografii, Warszawa.

TanNI L. 1949. The regional rise of the geoid in Central Europe. Annales Academiae Scientiarum
Fennicae, Seria A, Helsinki.

TscHERNING C., ForsBERG R., KNUDSEN P. 1992. The GRAVSOFT package for geoid determination.
First Continental Workshop On The Geoid In Europe “Towards a Precise Pan-European
Reference Geoid for the Nineties” Prague, May 11-14.

Wyrzykowski T. 1988. Monografia krajowych sieci niwelacji precyzyjnej I klasy. Instytut Geodezji
i Kartografii, Warszawa.

ZieLiNskI J.B., Lyszkowicz A., JAWORSKI L., SWIATEK A., ZDUNEK R., GELO S. 1997. Polref-96 the New
Geodetic Reference Frame for Poland. Springer, International Association of Geodesy Symposia,
Symposium 118: Advances in Positioning and Reference Frames, IAG Scientific Assembly, Rio de
Janeiro, Brazil, September 3-9, pp. 161-166.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Europe ISO Coated FOGRA27)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /PLK ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [725.386 992.126]
>> setpagedevice


