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REGIONAL QUASIGEOID SOLUTIONS FOR THE UKRAINE AREA

Abstract.

The goal. The UQG2012 regional quasigeoid solution of an accuracy better than 2 cm with respect to the
GPS-levelling data of the 1st and 2nd order was constructed by means of the least squares collocation method. In
the first iteration the gravimetry-only quasigeoid UQG2011 was developed from the gravity anomalies for the
subsequent detection of gross errors in GPS-leveling data. All terrain reductions were based on the 3"x3" digital
terrain model SRTM3.

Scientific significance. Thus, the final UQG2012 solution consists of gravity anomalies and quasigeoid
heights at the points of a 2'x3’ grid evaluated by means of the collocation method applied to the set of 4070
GPS-leveling quasigeoid heights plus the above mentioned gravimetry data. The comparison of the UQG2012
solution with all independent GPS-leveling data (given in the Baltic height system) shows a good agreement
with rms < 4 cm. This noise level corresponds to an estimated accuracy of the quasigeoid UQG2012 for the
Ukraine and Moldova area higher than 4-5 cm with respect to GPS-leveling points of different orders. The
evaluation of the UQG2012 solution with independent GPS-leveling data of the 1st and 2nd orders gives a
significantly better agreement with rms of about 1.5 cm. Finally, the comparison with the European quasigeoid
EGGO8 leads to differences of about 20-50 cm in certain areas and to the total mean shift of 25 cm caused by the

different height systems used.
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1. Introduction

Since 1997 the gravimetric quasigeoid EGG97
[Denker and Torge, 1998] became the most
representative solution for the Ukraine and Moldova
area. MOLDGEO2004 and MOLDGEO2005
quasigeoids with an accuracy better than 10 cm were
based on the fit of EGG97 to the Moldavian dense set
of GPS/leveling (preferably of the 4th order) data
given in the Baltic 1977 height system [Marchenko
and Monin, 2004]. In this case the EGG97 solution
has been preliminarily transformed to the Baltic
height system and used as an information additionally
verified by Ihde et. al [Ihde et. al, 2000]. A similar
approach in the Ukraine area led to pessimistic results
due to a low accuracy of the EGG97 quasigeoid in
some of the Ukrainian regions (such as Crimea),
which is probably caused by the digital terrain model
(DTM) of ca. 5'x5’ resolution applied in [Denker and
Torge, 1998] for this area.

Thus, one can say that the first high-resolution
gravimetric quasigeoid EGG97 (1'x1.5" grid),
including the East European and Ukraine areas, was
constructed in 1997 [Denker and Torge, 1998]. This
solution was essentially improved as the EGGO07
(quasi)geoid [Denker et al., 2007] and subsequently
(2008) as the EGGO08 (quasi)geoid  within the
European Gravity and Geoid Project (EGGP). An
independent gravimetric (UQG2006 — Ukrainian
QuasiGeoid 2006) and combined (UQG2007 — from
ca. 160000 gravity anomalies, ca. 640000 altimetry
measurements and ca. 3000 GPS/leveling points)

solution were derived (for a 2'x3' grid) in 2006 and
2007, respectively, see [Marchenko, Kucher,
Renkevych, 2007] and [Marchenko and Kucher,
2008]. The quasigeoid models EGG07, EGGO0S,
UQG2006 and UQG2007 have a variable accuracy of
5 — 10 cm in different areas estimated from the
comparison with independent GPS/leveling control
points.

This paper focuses on the new quasigeoid
solutions with accuracy of about 1.5 cm with respect
to GPS/leveling points of the 1st and 2nd order. The
UQG2012 model for the Ukraine and Moldova area
was constructed on the basis of the least squares
collocation method with regularization [Neyman,
1979; Moritz, 1980]. Since kernel functions
corresponding to radial multipoles were applied
[Marchenko, 1998; Marchenko and Lelgemann 1998],
only singular point harmonic functions were used for
regional quasigeoid solutions on the basis of
gravimetry, satellite altimetry, and GPS/leveling data.
Terrain reductions rest on the 3"x3" digital terrain
model SRTM3 (Jarvis et al.,, 2006) having (in
comparison with leveling data) over one order better
accuracy than DTM GEBCO and ETOPOLl. The
solution UQG2012 was constructed by the least
squares collocation method applied within two
iterations. In the first iteration the gravimetry-only
quasigeoid UQG2011 was obtained from the digitized
gravity anomalies (continental area) and gravity
anomalies in the Black Sea and Azov Sea areas
derived from altimetry data of ERS-1, ERS-2,
TOPEX/POSEIDON, JASON-1, ENVISAT, GFO
missions (1992 — 2005), additionally to the national
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and BGI marine gravimetry data. The UQG2011
quasigeoid was used especially for an effective
detection of gross errors in GPS-leveling data.

As a result, the final UQG2012 model consists of
gravity anomalies and quasigeoid heights at the points
of a 2'x3’ grid which were evaluated by means of the
least squares collocation method applied to the
heterogeneous data set: 4070 GPS-leveling quasigeoid
heights plus previous gravimetry data. Comparisons
of the UQG2012 solution with GPS-leveling data
show a good agreement with rms of about 1.5 cm at
the GPS-points of the 1st and 2nd orders. This noise
level corresponds to an estimated geoid accuracy
better than 5 cm for the Ukraine area and to the
adopted requirements for the combined adjustment of
the Ukrainian geodetic network based on the
terrestrial and satellite GNSS data.

2. Initial data. Preprocessing
All the initial free air gravity anomalies Ag were
used as two individual sets of land and marine (Black

Sea region) Ag. Let’s start with a brief description of
the marine Ag basically derived from the following
altimetry and gravimetry data in the Black Sea area:

Subset 1 represents 643128 TOPEX/POSEIDON,
ERS-1, ERS-2, JASON-1, ENVISAT and GFO Sea
Surface Heights (SSH) taken for the period 1992-
2005 and corrected by CSL AVISO for different
geophysical phenomena and instrumental effects.

Because of data gaps in the corrected SSH (Black
Sea region) the following additional set of point
gravimetry data is used to support the SSH-only
solution for Ag :

Subset 2 represents 20207 values of BGI and
national marine point gravimetry measurements in
addition to land gravimetry surrounding the Black Sea
area.

27" 28" 29° 30° 31° 32 33" 34

Fig. 1. AVISO corrected SSH [m] from TOPEX/POSEIDON, ERS1, ERS2, JASON-1, ENVISAT and
GFO altimetry, filtered for residual temporal effects

Fig. 1 illustrates AVISO corrected SSH from six
satellite missions in the Black Sea area, which were
filtered for residual temporal effects (and here also
referred to the GRS80 ellipsoid). It has to be pointed
out, that the surface in Fig. 1 differs from the geoid
due to small deviations of Sea Surface Topography
(SST) and various residual effects averaged in time.

Fig. 2 demonstrates the result of processing the above
two subsets by regularization method into a 2'x2’ grid
of the gravity anomalies. They were obtained by
Marchenko and Yarema [Marchenko and Yarema,
2006] and in the following we call them as the Set 1
(marine AQ).
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Fig. 2. Gravity anomalies [mGal] from six satellites missions (1992 — 2005) and BGI gravimetry plus
national marine gravimetry measurements in the Black Sea area
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Fig. 3. Distribution of GPS/leveling data of the I (e), 1l (o), I1I (¢), and IV () orders
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The second set (Set 2) of free air gravity
anomalies at the points of the 2'x3' grid was derived
from the digitized Bouguer anomalies covering the
Ukraine and Moldova area. Then classical terrain
reduction was applied for the conversion of the free
air anomalies Ag to the Faye anomalies Agg. This
reduction was based on the DTM SRTMS3 given for a
3"x3" grid [Jarvis et al., 2006]. Subsequently, the
Faye anomalies Agr were adopted as a basic initial
information for quasigeoid computations. Note that
the classical terrain reduction was derived by using
the numerical integration up to a radius of 167 km and
has maximal values of ca. 50 mGal in the Ukraine
area considered.

Finally, Fig. 3 illustrates the Set 3 containing
4070 points of GPS/leveling data of different orders
covering the Ukraine and Moldova area. Set 3 was
formed after the detection of gross errors in
GPS/leveling data given in the Baltic 1977 height
system.

3. Gravimetric and combined quasigeoid solutions

The traditional remove-restore technique was applied
to eliminate the long wavelength constituent of the
gravity field. It was represented by the EGMZ2008
gravity field model [Pavlis et al., 2008] used up to
degree and order 720. In the case of gravimetry-only
data the residuals 6Ag were initially computed as

5Ag = Ag F— Ag EGM 2008 * @

where Agc is the Faye anomaly; AQggua00s IS the

is the (1 x q) - cross-covariance matrix between 54g
and o, Cy, is the (q x q) — covariance matrix of the
EGM2008 gravity anomaly up to degree and order
720. Then the prediction of the residual anomaly
height 64 at a point P inside the studying area was
made by applying the collocation with regularization

OCp =Cy g (C+ )M @

where in case of gravimetry data, | is the g-vector
consisting of the components 64g; (i=1, 2,...q); g is a
number of observations; C is the (q x q) - covariance
matrix of the residual gravity anomalies 64g; C,s.s.

is the cross-covariance matrix; C, is the (q x q) -

covariance matrix of measurement noise n and « is
the regularization parameter or weight factor
constraining the variability of the solution [Neyman,
1979; Moritz, 1980]. Obviously, the collocation
method corresponds to « =1 in Eq. (2).

After applying the regularization
(collocation) via Eqg. (2), the anomaly heights £ at the
chosen grid are restored in the following way

¢ =Ceomanmn T % €))

where ¢ eamaoos 1S the contribution of the EGM2008

gravity field model to quasigeoid heights to the same
order. For further use of Eq. (2), the following two
problems have to be solved: (a) building the ACF
(analytical covariance function) K(P,Q) of the
anomalous potential T; (b) the choice of an
appropriate  method for the computation of the
regularization parameter a.

In this study we apply reproducing kernels
K(P,Q), which are represented by singular point
harmonic functions only [Marchenko and Lelgemann,
1998]:

R2
K,(P,Q)= ﬁn , -, (4)
AR
where R is the Earth’s mean radius; Rg is the
Bjerhammar’s sphere radius; rp and rq are the

geocentric distances to the external points P and Q;
GM is the product of the gravitational constant G and

the mass M of the Earth; V  is the dimensionless

potential of a radial multipole of degree n and g,
represents a dimensionless coefficient [Marchenko,
1998; Marchenko et al., 2001]. The traditional
determination of the parameter « in Eq. (2) requires a
specific iterative process and the inversion of a matrix
with a dimension equal to the number q of
observations [Neyman, 1979]. So, when a number of
observations is large we come to a time consuming
procedure. To avoid this difficulty we may use an
estimate

a=1+\/1

verified in [Marchenko et al., 2001; Marchenko,
2003] for the inversion of SSH altimetry data into
gravity anomalies.

Trace(CC,,) ).
Traceg(C,,,C,,

)

Please cite this article as: Marchenko A. N., O. V. Kucher, D. A. Marchenko (2015) Regional Quasigeoid
Solutions for the Ukraine Area. Geodynamics (ISSN 1992-142X), Lviv, Ukraine, 2(16), pp. 7-14



ACCEPTED FOR THE PUBLICATIONS 5

con(d(,60)

0.007
0.006 1
0.005{ |
0.004 -
0.003{ 7Y "
0.002 -
0.001 -
0.000-

-0.001

0.0 05 1.0 1.5 2.0 25 3.0 35 40 45 5.0

Fig. 4. Empirical covariance function (dotted
curve) and analytical covariance function (solid
curve) of the residuals 8¢ [m?], v is the spherical
distance [in degree]

Recalling now the processing of BGI gravimetry
and satellite altimetry data, in the following we used
the Set 1 (i.e. the 2'x2’ grid of gravity anomalies)

together with the Set 2 and the Set 3 of GPS/leveling
data for constructing the gravimetric quasigeoid
UQG2012 by means of the regularization/collocation
method. The empirical covariance function (ECF) was
computed on the basis of the residual gravity

anomalies OAQ . It was then approximated by some

specific reproducing kernels or analytical covariance
functions ACF, derived from radial multipole
potentials by the Kelvin transformation [Marchenko,
1998], that provide the covariance propagation in R®
to geoid heights and other functionals of the
anomalous potential. The modified Poisson kernel
without zero degree harmonics showed the best fit to
ECF [Marchenko and Lelgemann, 1998]. Therefore, it
was selected (Fig. 4).

The comparison of the UQG2012 solution with
independent GPS/leveling control points demonstrates
a good agreement with St. Dev. < 4 cm. It is worth
mentioning, that only differences  between
GPS/leveling data of 1%, 2" and 3™ orders and
UQG2012 correspond to the same level of agreement
(5 cm in terms of r.m.s deviation) as in the case of

independent GPS/leveling control points (Table 1).

Table 1
Differences between GPS/leveling points and UQG2012
GPS/leveling points
Statistics (cm) | order Il order 111 order All points
Min -8.1 -6.7 -17.9 -22.9
Max 6.2 6.8 17.6 23.6
Mean -0.3 -0.1 0.9 0.1
Std. dev. 1.4 1.6 5.5 5.4
Table 2
Differences between GPS/leveling points and EGM2008
GPS/leveling points
Statistics (cm) | order Il order 111 order All points
Min -38.0 -30.3 -28.0 -38.0
Max 33.4 25.7 25.6 33.4
Mean 1.7 1.6 2.1 1.1
Std. dev. 8.6 7.5 8.5 8.7

An additional evaluation of the UQG2012
solution was deduced from its comparison with the
recent high-resolution gravity field model EGM2008
up to degree 2190. For proper comparison a simplest
datum shift transformation was applied, statistics are
given in Table 2. Major differences are observed in

the Black Sea basin, Carpathians and Crimea area
with values greater than 50 cm, together with smaller
differences in a few scattered zones. Nevertheless, the
deviation between GPS/leveling points of 1st and 2nd
orders and the UQG2012 quasigeoid in the Carpathian
and Crimean regions are smaller than £10 cm.

Table 3
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Differences between GPS/leveling points and EGG08

GPS/leveling points
Statistics (cm) | order Il order 111 order All points
Min -4.7 -0.6 -3.7 -7.9
Max 54.3 51.8 55.7 55.7
Mean 25.6 26.0 26.8 25.5
Std. dev. 7.9 7.6 9.3 8.7
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Fig. 5. Heights [m] of the UQG2012 quasigeoid solution

Another evaluation rests on the comparison with
the EGGO08 geoid model [Denker et al., 2007]. In this
connection we have to note that the EGGO08
quasigeoid is referred to the Amsterdam tide gauge.
Therefore, one can observe a shift of 25 cm
concerning GPS/leveling control points which are
referred to the Baltic 1977 system (Table 3). The
resulting quasigeoid solution UQG2012 for the
Ukraine and Moldova area is shown in the Fig.5.

Conclusions

Considering the results discussed above we can
formulate the following conclusions.

e The application of the regularization method
to updated satellite altimetry, gravimetry, terrain and
GPS/leveling data leads to a significantly improved
quasigeoid solution UQG2012 for the Ukraine and
Moldova area.

e A comparison of the UQG2012 model with
independent GPS/leveling data given in the Baltic
height system shows a good agreement with standard
deviation < 4 cm. This noise level corresponds to an
expected quasigeoid accuracy of about 5 cm for the
Ukraine and Moldova area.

e In contrast to previous geoid models the
combined UQG2012 solution provides considerably
better agreement with the independent GPS/leveling
control stations since Std. Dev. < 4 cm represents an
improvement by 50%. This progress can be partly
explained by the application of the 3”"x3” DTM
SRTM3 (instead of the 1'x1’ DTM GEBCO) for
terrain reductions.

e A comparison of the UQG2012 quasigeoid
with the global gravity field model EGM2008 up to
degree 2190 leads to an agreement within +10 cm (in
terms of standard deviation) and differences having
values greater than 50 cm in the Black Sea area, and
Carpathian and Crimean Mountains.
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PEI'TOHAJIbHI PO3B'SI3KU KBA3ITEOIJIA JIJIS PETIOHY YKPATHU

AHoTAaNiA.

Meta. Po3s'ssok UQG2012 perioHasibHOTO KBasireoina TOYHICTIO Kpalle, HDK 2 CM IO BiJIHOIIEHHIO JI0
nmannx GPS-HiBenmroBanHs 1-ro 1 2-ro mopsaxy OyB MOOyAOBaHHA 3a JIOMIOMOTOK) METOAY CEpeIHBOL
KBa/IpaTUYHOI KoJIoKalii. Y nepiuiit itepauii rpaBiMerprununii kBaszireoin UQG2011 6yB oOumcieHuii 3a TaHUMH
aHoMauniii Dast I MOAABIIOrO BHSBICHHS TPyOHX MOMHIOK B manux GPS-uiBemoBanus. Pemykirist 3a penbed
obuncnena Ha ocHOBI 3"X3" mposoi Moxeni micieBocti SRTM3.

HaykoBa HOBH3HA Ta NpaKTHYHA WiHHicTh. TakuM 4MHOM, OcTaTOuHE pileHHs cknaaaerbes 3 UQG2012
AHOMANI CHJIM TSDKIHHS 1 KBasireoima BHCOT y By3naxX 2'x3’ pIBHOMIPHOI CITKH, OIL[IHCHHX 3a JIOTIOMOTOIO
METOAY KOJIOKaIlil, 3acTocoBaHoro g0 Habopy 4070 GPS-Bu3HadeHHX BHCOT KBasireoina, IJIFOC 3a3HAYCHHX
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Bulle TpaBiMerTpuyHux naHux. [lopiBHsHHa kBaszireoima UQG2012 3 ycima HezanexxHumu manumu GPS-
HiBCJIOBaHHS (3a1aHuX B cucteMi banriiickkoi 1977 BucoT) mokasye rapuy 3rony 3 RMS <4 cwm. Ileit piBeHs
IIyMy BiZIOBiae po3paxyHKOBii TouHocTi kBazireoima UQG2012 mns Ykpainu ta MonmoBu, HiX 4-5 cM 1o
BigHOMmIeHHIO 10 GPS-HiBenmOBaHHSA TOUOK pi3HUX KinaciB. Ominka pimeras UQG2012 3 He3aneKHUMU TaHUMH
GPS-miBemoBanHs | i 2 Ki1aciB 1a€ 3HAYHO KpaIly 3ToMy 3 CEPEeAHBbOKBAAPATHIHUM BiAXIICHHIM OMU3BKO 1,5
cM. Hapemi, mopiBHsSHHS 3 €BporneiickkuM kBazireoinom EGGO8 nmpusBoauts 1o BiaMinHocTeH Omm3pko 20-50
CM B JICSIKMX paifoHax i B 3arajibHOMY JI0 CEPEIHBOTO 3CYBY 25 CM, BUKJIMKAHUX PI3HUMH CHCTEMaMH BHCOT, IO
BUKOPHCTOBYIOTHCHL.
Kniouosi crosa: PerionansHuii kBasireoin; rpasimMerpist; ansrumerpis; [HCC/HiBenoBaHHS.

A. H. MAPYEHKO, A. B. KVUEP, JI. A. MAPYEHKO

! HanmonansHerit yauBepcureT "JIpBoBckas nonurexnuka", MucTutyT reonesu, JIsBos, yn. Kapnunckoro, 6, YkpauHa, 31.
noura: march@pancha.lviv.ua, Ten. +380509801609

2 HayuHo-nccnenoBaTenbckuit MHCTUTYT reone3nd u kaprorpaduu, Kues, yn. Bonbuias BacunbkoBckast, 69, YkpauHa, di1.
noura: kucher@gki.com.ua

® Kapmarckoe otaenenne MuctutyTa reopusnkn nm. Cy66otnna HAH Ykpauusi, yin. Hayauas, 3-6, JIsBoB, YkpanHa, 911.
noura: dmitriy.marchenko@gmail.com

PEIT'MOHAJIBHBIE PEINEHWA KBASUTEOUJA JJIAA PETTIOHA YKPAWHDBI

AHHOTADMA.

Heab. Pemenne UQG2012 pernoHaibHOro KBa3ureouaa C TOYHOCTHIO JIyUllle, YeM 2 CM 10 OTHOIIEHUIO K
naHHbIM  GPS-nuBenupoBanust 1-ro m 2-ro mnopsaka ObUIO TOCTPOSHO C IOMOIIBIO METOAa CpeaHed
KBaJpaTHYHON KoJTokanuu. B nepBoit urepanuu rpaBumerpuueckuii kBazureons UQG2011 6b1u1 BEIYHCIEH IO
JaHHbIM aHomanmuii das [uId nanpHeimero BBIABICHHUA TpyObIX omuOOK B JaHHbIX GPS-HuBenupoBaHUS.
Penyxuus 3a penbed ocHoBaHa Ha 3"X3"1udpoBoii Mmoaenu mectHoctT SRTM3.

Hayuynasi HOBH3Ha W NpaKTH4YecKasi HEHHOCTh. TakuM o0pa3oM, OKOHYATENbHOE PELICHUE COCTOMT U3
UQG2012 anomanuii cuiibl TSHXKECTH M KBa3UT'€OMZIA BBICOT B y3iax 2'x3' paBHOMEPHOH CETKH, OLIEHEHHBIX C
MOMOIIIBI0 MeToNa KOJUIOKaluy, mnpuMeHeHHoro k Habopy 4070 mynkroB GPS-HUBETUpOBaHHS BBICOTHI
KBa3ureouza, IUIIOC YKa3aHHBIX BBILIE rpaBUMeTpudeckux nOaHHbIX. CpaBHeHue kBasureouaa UQG2012 co
BCEMH He3aBUCHUMBIMH JaHHBIMH GPS-HuBenmmpoBanus (3amaHHBIX B cucTeMe banrwiickoit +1977 BwIcOT)
MOKa3bIBaeT xopoluee corynacue ¢ RMS <4 cM. DTOT ypoBeHb IllymMa COOTBETCTBYET PACUETHOM TOYHOCTH
kBasureouaa UQG2012 ans Ykpaunsl 1 MongoBsl, yeM 4-5 cM 1o oTHouIeHHI0 K GPS-HUBENMpOBaHUIO TOYEK
pasHbIx knaccoB. Ouenka pewmenuss UQG2012 ¢ ne3aBucumbiMu 1aHHbIMH GPS-HuBenupoBanus 1 u 2 kiaccoB
JlaeT 3HAYMTENBHO JIy4Illee COTJIacHe C CPEIHEKBAIPATHIHBIM OTKJIOHEHHEM okoio 1,5 cm. Hakonern, cpaBHeHHe
¢ Epomneiickum kBazureonnom EGGO8 mpuBomuT k pasnuuusM okosio 20-50 ¢cM B HEKOTOPHIX paoHax U B
00I11eM K CpeiHEMY CABHUTY 25 CM, BBI3BAHHBIX Pa3IMYHBIMH CUCTEMaMH, UCTIONb3YEMBIX BBICOT.

Kniouesvie cnosa: PernoHanbsHbIN KBa3ureou; rpasuMetpus; anstumerpus; ' HCC / HuBenupoBaHue.
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