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GEOID DETERMINATION - IAG COMMISSION 2

Lajos Volgyesi Gyula T6th, Zita Ultmanri, Csaba Eget’, Nikolett Rehany
Eszter Sizcs’, Gabor Papp, Judit Benedék Marta Kis’, Andras Koppéah Péter
Kovacs, Laszl6 Merényij Gergely Vadasz Ambrus Kenyerés

The gravity field related research has relevartitian and history in Hungary. Nowadays the most
important instruments of the modern gravimetry e absolute gravimeters, which measure the
gravity based on the law of free fall. Our studyeg a short summary about the related main re-
search fields and applications, where an absoltagimgeter will provide essential contribution.
Beyond some theoretical introduction the possilaleses of the time-variable gravity are summa-
rized, the importance of the equipment ingravincesmd geodetic networks is emphasized (Csap6
et al, 2011a), and its applications in the geodyoahstudies are described. The parameters and
capabilities of the A10 absolute gravimeter are alsown (Csap6 et al. 2011b).

The Hungarian Gravimetric Network (MGH) is maintdnby the Geological and Geophysical
Institute of Hungary (the former E6tvés Lorand Geypgical Institute). According to its condition in
2014, the MGH contains 20 absolute stations and1¥4§ 2" order base points. The maintenance
work includes checking the status of base pointwalsas substitution or installation of destroyed
or new base points (Csap6 and Koppan 2013). Bet@@&h and 2014, 8 base points and one abso-
lute station were reinstalled, and one base poa#t mewly installed. These stations were linked to
the 3 nearest MGH base points through relative oreasents.

In order to improve the reliability and accuracytioé network, the gravity acceleration was re-
determined on 11 absolute stations between 2012@hd. The measurements were carried out by
using the AXIS FG-5 No. 215 absolute gravimeterrafesl by the staff of Vyzkumny Ustav geo-
deticky, topograficky a kartograficky, v.v.i. (VU®T Czech Republic). Before the absolute meas-
urements, vertical gravity gradient (VG) was deteed on every station by LCR-G gravimeters,
using a 3-level arrangement and at least 6 sefie®asurements.

Whereas the VG can deviate significantly from tbhenmal value (-0.3086 mGal/m) in Hungary,
vertical gradients were determined on further 2gel@oints between 2011 and 2014.

To utilize the results of the latest absolute agldtive measurements, a new adjustment of the
MGH was carried out in 2013. The RMS errpg)(of the network was +0.0137 mGal (Csapé 2013).

A gravimeter calibration facility exists in the Mashegy Gravity and Geodynamical Observa-
tory of Geological and Geophysical Institute in igary. During the calibration a cylindrical ring of
3200 kg mass is vertically moving around the eqeptngenerating gravity variations. The effect
of the moving mass can be precisely calculated fitmenknown mass and geometrical parameters.
The main target of the calibration device was #chea relative accuracy of 0.1-0.2% for the cali-
bration of Earth tide recording gravimeters. Theximaim theoretical gravity variation produced by
the vertical movement of the mass is ab. 110 p&alt provides excellent possibility for the fine
calibration of LCR gravimeters in the tidal range.

The instrument was out of order for many yearsiarZD12 and 2013 it was renovated and au-
tomatized. The calibration process is aided bylligent controller electronics. A new PLC-based
system has been developed to allow easy contrdileomovement of the calibrating mass and to
measure the mass position. It enables also progeahsteps of movements (waiting positions and
waiting times) for refined gravity changes. All pagters (position of the mass, CPI data, X/Y
leveling positions) are recorded with 1 Hz sampliate. The system can be controlled remotely
through the internet.
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As it is well known, variations of the magnetic fiedan influence the measurements of metal-spring
gravimeters, therefore magnetic experiments wengechout on the pillar of the calibration device
as well, in order to analyze the magnetic effecthe moving stainless steel mass. During the
movements of the mass, the observed magnetic fieldges significantly. According to the mag-
netic measurements and modelling, a correctioth®magnetic effect can be applied on the meas-
ured gravimetric data series (Kis et al. 2014, Koppt al. 2014).

An experimental development of a computer contdofiotoelectric ocular system applied for
the LaCoste and Romberg G949 gravimeter made th&éncous observation of time variation of
gravity possible. The system was operated for dgiar in the Sopronbanfalva Geodynamical Ob-
servatory to test its capabilities. The primary aifihis development was to provide an alternative
and self-manageable solution instead of the stanglactronic (Capacitive Position Indicator) read-
ing of this type of gravimeter and to use it foe timonitoring of Earth tides. It, however, turned ou
(Papp et al, 2012) that this system is sensitivaigh to observe the effect of variable seismiceaois
(microseisms) due to the changes of ocean weathirei North Atlantic and North Sea regions at
microGal level (1 pGal = I® m/s). Up to now little attention was paid to its irfloce on the
quality and accuracy of gravity observations du¢htolarge distance (>1000 km) between the ob-
servation site (generally the Carpathian—PannoB&sin) and the locations (centres of storm zones
of the northern hydrosphere) of triggering eveB@sed on an elementary harmonic surface defor-
mation model the noise level of gravity observagisras compared to the spectral characteristics of
seismic time series recorded at the same timednotiservatory. Although the sampling rate of
gravity records was 120 s, the daily variation cfvity noise level showed significant correlation
with the variation of spectral amplitude distritmutiof the analysed high pass filtered (cut-off fre-
guency = 0.005 Hz) seismograms up to 10 Hz. Avilalaily maps of ocean weather parameters
were also used to support both the correlationyaisabnd the parameterization of the triggering
events of microseisms for further statistical irtigggions. These maps, which were processed by
standard image processing algorithms, provide nigaledata about geometrical (distance and azi-
muth of the storm centres relative to the obseswagioint) and physical (mass of swelling water)
guantities. The information can be applied for eletarizing the state of ocean weather at a given
day which may help the prediction of its influera® gravity measurements in the future. Probably
it is the first attempt to analyse quantitativéig effect of ocean weather on gravity observations
this specific area of the Carpathian—Pannoniaroregi

Based on the results described above an Austriargéfian cooperation started to coordinate
the Earth tide monitoring in the Alps-CarpathiarssiRonian Basin region to provide the best fitting
tidal models for high precision absolute gravimeinythis specific area (Benedek et al. 2014).

In the 28" century, a large amount of torsion balance measemés have been made in Hunga-
ry mainly for geophysical purposes. Only the hantab gradients were used for geophysical pro-
specting, the curvature gradients measured byotoisalance remained unused. The knowledge of
the figure of the Earth, i.e. the geoid is an intaor problem from many scientific and practical
aspects. The gravity data provide the essentid lfasthe study of the geoid. In the frameworlaof
collaboration between the Geological and Geophyéisditute of Hungary and the Budapest Uni-
versity of Technology and Economics, the collectidrpast project reports on E6tvds torsion bal-
ance measurements has been started for more tlacade. The torsion balance data reported ei-
ther in report sheets or on maps have been diditarel collected in uniform databases. Recently,
the torsion balance database includes about 458fifids containing the curvature and/or gradient
data of E6tvds measurements carried out on therluat territory of Hungary.

Gravity gradients are very important and usefuhdatgeodesy. With the help of the gradients
precise vertical deflections can be calculatednbgrpolation and the fine structure of the geoid ca
be derived. Based on the horizontal and the cureaguadients of gravity the full E6tvos tensor
(including the vertical gradients) can be derivedl¢yesi 2012a, 2012b). A summary of the possi-
ble applications of torsion balance measurememtseaseen on Figure 1.
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Figure 1. Possible applications of the torsion balance nreasents

A laboratory has been developed to make various tsd measurements by the E6tvOs torsion
balance in the Budapest University of Technologg Bronomics. These tests were made with our
AUTERBAL (Automatic Eo6tvos-Rybar Balance) equipme@ameras with CCD sensors were
mounted on the reading arms for automatic readddlkgyesi and Ultmann 2012). Control of the
cameras and taking shots was computer-driven wighniecessary software developed under the
Linux operating system. Since with these camerasraéshots and readings per second for a long
period of time can be taken, a new perspectivéaéaa of us to observe hitherto unknown phenom-
ena.

Four shots per second were taken within severa4tin long records in all azimuths to study
damping of the balance. Time resolution was in@éag to 12 shots per second (i.e. 0.08 s sam-
pling period) to examine the finest details of taenping curve, whereas two 24-hour long records
were taken to study possible long-period kineticthe balance. It became feasible, for example, to
study damping characteristics of the device innfare detail and accuracy than it was previously
possible.

The main problem of torsion balance measurementgeitong damping time, however it is pos-
sible to significantly reduce it by our solutionhd damping curve can be precisely determined by
CCD sensors as well as computerized data colleetiwh evaluation. The first part of this curve
makes it possible, at least theoretically, to estarthe final position of the arm at rest. A finiie-
ment solution of a fluid dynamics model based oridlaStokes equations was investigated to
solve this problem.

Our study showed that these achievements may teathking it possible in the near future to
cut down measurement time in each azimuth fromo400t minutes to obtain estimate of the home
position of the balance with enough accuracy (Edthl. 2014).

Before starting the measurements by torsion balérisenecessary to set the starting azimuth
to the astronomical North direction, using a spemanpass enclosed with the pendulum. Using this
special compass the magnetic declination (anghed®at the astronomical and the magnetic North
direction) should be taken into consideration.

The most common geodetic and navigational probkenoe idetermine the precise geomagnetic
declination on a given place and time. For lackh&f known declination the compass cannot be
used with reasonable accuracy neither for geodetidor navigational purposes. Determination of
the true value of the magnetic declination by figldasurements is a complicated and time consum-
ing task. If such a field measurement is carriet] the great advantages, the speed and simplicity,
of the application of the compass would be lose dther remaining possibility is to determine the
normal value of declination by computation. In piee, of course, the real value of the declination
would be needed, but instead of this, the normhlevis used only as an approximation. However,
the normal value of the declination, except undgyvare circumstances does not correspond to the
real value and difference between these two vakifise declination anomaly. Using the compass
for geodetic or navigation purposes, declinationraaly is the error which biases the determined
northern direction. In our study determination b& tnormal value of geomagnetic declination
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D(¢, A, t) is discussed and the possible error sourceseofi¢hermination is attempted to estimate
(Volgyesi and Csontos 2014a, 2014b).

Linear variation of the gravity gradients betweba adjoining network points is an important
demand for different interpolation methods in gexyde.g. interpolation of the vertical deflection,
geoid computations, and interpolation of the gsavalues or the vertical gradients of gravity). To
study the linearity of gravity gradients, torsioaldnce measurements were made both at the field
and in a laboratory: one is at the southern path@fCsepel Island, and the other in the Geodynam-
ical Laboratory of Lorand E6tvds Geophysical Ingétin the Matyas Cave.

On Figure 2 the results of the computations arensarzed for the 7 points of the earlier torsion
balance measurements E220, E218, E238, E208, E208,, E207 with and without topographic
reduction respectively, and the results for the t@sion balance measurements 3.a-3.b-3.c-3.d-3.e
between the points E238 and E208 can be seen.

Based on our results, decreasing the length ofnsuring line improves the linearity of gravi-
ty gradients (since it increases the value&)f Data comparison shows that decreasing distances
between the torsion balance points from 1000-1500 &50-300 m does not increase significantly
the improvement of linearity (Vélgyesi and Ultma2@i14).

Finally, it is concluded that the mean point dgnsit the earlier torsion balance measurements
does not meet the requirement of linear variatibigravity gradients between neighbouring net-
work points.

Moreover the problem could not be solved even apglyopographic reduction. The results of
our investigations show that the linearity of thhedty gradients mainly depends on the given point
density and the geological fine structure of roakd shallow subsurface density. It seems the given
point density of the earlier torsion balance staimay not be enough for some geodetic purposes,
moreover the problem could not be solved applyimgographic reduction of gravity gradients
(Vélgyesi and Ultmann 2014).
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Figure 2. Linearity test of the torsion balance measuremetisnging of the horizontal gradieéMy
on the original points (upper part of the figuraylaon the denser net (lower part of the figure)

Geomatikai Kdzlemények XVIlI(1), 2015



HUNGARIAN CONTRIBUTION TO THE RESEARCH IN GRAVIMETRY 23

Further investigations are planned to study thecotsf of the nonlinearity on geodetic quantities,
regarding e.g. the deflection of the vertical anelcgse geoid computation. Investigations would be
important to study the connection between the apstiucture of the gradients of gravity field and
the geological fine structure of rocks near-surfiat®mogeneities and shallow subsurface density.

All the elements of the E6tvds tensor can be measby torsion balance, except the vertical
gradient. The knowledge of the real value of theieal gradient is more and more important in gra-
vimetry and geodesy (Volgyesi et al. 2012).

Determination of the 3D gravity potentil(x,y,2 can be produced by inversion reconstruction
based on each of the gravity d&té(= g) measured by gravimeters and gravity gradi&iits Wy,

W, W,y measured by torsion balance. Moreover, verticadlignts\W,, measured directly by gravim-
eters have to be used as reference values at saints. (First derivatives of the potenthd, W, (it

can be derived from the components of deflectiothefvertical) may be useful for the joint inver-
sion, too. Determination of the potential functioss a great importance because all components of
the gravity vector and the elements of the fulle8ttensor can be derived from it as the first and
the second derivatives of this function. The seaderdvatives of the potential function give the-ele
ments of the full E6tvos tensor including the \aatigradients, and all these elements can be deter-
mined not only at the torsion balance stationsdoyivhere in the surroundings of these points.

For checking the 3D inversion algorithm, test cotafians were performed at the south part of
the Csepel Island where torsion balance and vérgiGdient measurements are available. There
were about 30 torsion balance, 21 gravity and 2Tica gradient measurements on our test area.
Only a part of the 27 vertical gradient values waed as initial data for the inversion and the re-
maining part of these points were used for contrglithe computation (Volgyesi et al. 2012).

The 27 vertical gradient measurement points caseba on Figure 3, the structure and the spatial
distribution of the values of vertical gradientslisstrated by isolines. The values of the isodiren
the Figure 2 is in mGal/m (1 mGal/m =10/ = 10 000 E =10 000 E&tvés Unit), coordinates are i
meters in the Hungarian Unified National ProjecsiggOV) system.

Comparing the measured vertical gradient datagocctmputed value at the 6 controlling points
the root mean square of the differences14.6 pGal/m which is the order of magnitude of the
measurements of the vertical gradient.
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Figure 3. Computed vertical gradients,Wrom the joint inversion, values are in mGal/m
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So this is a strong demonstration of the applidghdf the inversion reconstruction of the gravity
potential for the determination of the verticaldjemts based on torsion balance data.

Creating the optimal geometry of the interpolatiat is an important part of the computation of
deflection of the vertical based on torsion balamsasurements. The triangle network fitted to the
torsion balance stations should be designed talbguate for the interpolation, namely the distanc-
es between the adjacent points should be mininthkla curvature gradients between that selected
torsion balance points should be as linear as Ipless$o far this task has been performed manually
with huge efforts furthermore it has not alwayscasded in finding the optimal geometry. Delau-
nay triangulation offers a new opportunity to sottie problem by computer. Selecting the most
suitable pairs of points, the automatic creatiothef interpolation network is successful by an ap-
propriate modification of the Delaunay triangulati@ltmann and Vélgyesi 2013).

Global gravity field models are most recently refinrby GOCE data. As GOCE presents band
limited observations, an efficient spectral filtegimethod for eliminating the unreliable content of
the observations is of high relevance. Polgar e(24113) has derived an appropriate filter for the
purpose. Foldvary et al. (2014a) has derived thererof the filtered gravity gradients using the
classical error propagation laws. Foldvary et 2014b) then implemented the semi-analytical ap-
proach for the band-limited GOCE gravity gradiebservations.

The unprecedently low altitude of the GOCE satelltemonstrated by Figure 1 of Somodi and
Foldvary 2011) is also challenging from the orlBtermination point of view. Considering purely
dynamic orbits, error estimate of GOCE orbit defeation has been performed by Somodi and
Foldvary (2011, 2012). The studies analyzed ther'egffect of the near surface mass variations by
inclusion of high degree gravity field informaticemy ocean tide model, a reliable estimate of solid
earth tides and of polar motion. The investigatias been extended to GPS satellites (at altitude of
20200 km or so0) as well, as they serve as the batie orbit determination of the GOCE satellite.

The GRACE satellites delivers monthly resolutioawgty models enabling the determination of
annual or longer periodic mass variations. In amvag climate, it is critical to accurately estimate
ice-sheet mass balance to quantify its contributiopresent-day sea level rise. In Féldvary (2012)
temporal mass variations in Antarctica are invedéid based on monthly GRACE gravity solutions.
In order to diminish the effect of large uncertastin glacial isostatic adjustment models, an ap-
proach is developed to estimate the acceleratiothefice-sheet mass, assuming the presence of
accelerated melt signal in the GRACE data. Tholnghetstimate of accelerated melt does not pro-
vide an absolute value for the volume of the mglioe, it was found to be a viable tool for charac-
terizing the present-day ice sheet mass balanae n@thod has been refined by separation of dif-
ferent regions of melt rates by Foldvary et al.1@0

A new quasigeoid model for Hungary was determingddmbining gravity data, GPS/levelling
and vertical deflections (Téth andi®z 2011). Reduction of the measurements was peztbiy
using Earth Gravitational Model 2008 (EGM2008) &fdittle Radar Topographic Mission (SRTM)
elevation data sets. Calculation method was Leqai®s Collocation (LSC) with Forsberg’s self-
consistent planar logarithmic covariance modelthe computations the weights of GPS/levelling
data were large, in this way normal heights obthiinem levelling are consistent with GPS heights
and with the quasigeoid model. Astrogeodetic-gratiin, pure astrogeodetic and pure gravimetric
solutions have been calculated besides the comisimletion to investigate the discrepancies among
the different models. The combined quasigeoid mditeto the GPS/levelling data with standard
deviation of +4.9 cm, nevertheless at some GPSliegesites large differences were indicated.
Comparison of the astrogeodetic-gravimetric andlioed quasigeoid solutions shows a mean bias
of -2.74 cm and a standard deviation of £3.04 chesE two solutions are very close to each other
in most parts of the country (Figure 4.), excepttf@ region in southeast, where the GPS/levelling
observations do not fit well to the other obseatiypes. This region is located in the Great Hun-
garian Plains, which is covered by young, uncodstdid sediments. In this context the main prob-
lem is that levelling and GPS measurements doafet to the same epoch. First-order polygons of
the Unified National Vertical Network (EOMA) wereeasured in the 1970s, the OGPSH network
was established in the 1990s.
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Figure 4. Differences of astrogeodetic-gravimetric quasi-geoighte at OGPSH sites (bias removed)

Furthermore, levelling of the GPS/levelling siteasanachieved using the third order levelling net-
work of the country, not the first order one anditles of this GPS observations were carried out
using rapid measurement technology. Processing-ofeasurement data of part of the EOMA lev-
elling network confirms a suspected recent subsiglen

Recent high degree geopotential models and cestamputational procedures in physical geod-
esy require the evaluation of integrals (truncatioefficients) that are products of very high degre
Legendre polinomials (or functions) with varioustels over a given domain. The oscillating char-
acter of integrands (more than 10,000 zeros) maldifficult to evaluate such integrals. A highly
accurate quadrature has been developed for fagiwtation of these integrals based on the Glaser-
Liu-Rokhlin root finding algorithm and Gauss-Lolmttjuadrature between the roots (Téth and
Fancsikné 2013). Our procedure successfully elitamahe instability of the recursive algorithm
developed by MK Paul for the solution of Stokegskgral at very high degrees. It can be applied in
several fields of physical geodesy, e.g. for gsafiéld modelling based on surface or satellitevgra
ity gradients.

SZics (2012) presents the validation of the first aedond generation GOCE-only models using
terrestrial data sets in Hungary. Besides GOCEeh&B8Ms satellite only GRACE models were
evaluated to assess the improvements by GOCE aisrs with respect to GRACE in gravity
field determination. EGM2008 as the state-of-theramdel and SRTM3 elevation model were ap-
plied to provide that measurements involving Huregadata sets and model derived gravity field
functionals have almost the same spectral conRagults with GPS-levelling and gravity data sup-
port that there is an improvement in the deternonadf medium-wavelength parts (200t < 250
km) of the gravitational field with GOCE models.thdugh vertical deflections characterize the
short-wave part of the gravity field, they are atspable of sensing the advancement of SGG ob-
servations.

SZics et al. (2014) investigated the spectral charatites of terrestrial data sets mentioned
above. They estimated the spectral contributiografity anomalies, vertical deflections and gravi-
ty gradients using both Fourier PSD and covariamadysis depending on the spatial distribution of
data points. From the spectral characteristicewéstrial measurements weights for spectral com-
bination of a global gravity field model, gravitpé gravity gradient data were derived. Besides the
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frequency domain investigations the informationteah regarding the different wavelength struc-
ture comprised in terrestrial and EGM2008 model imasstigated also in the space domain based
on covariance analysis. As a combined validatiatess the gravity degree variances were trans-
formed to the necessary auto- and cross covarimmions to predict geoid height from gravity
anomaly, which ensures an independent validationgss of the computed spectrum.

Special attention was paid to the evaluation of BRBurface model which has been extensive-
ly used for residual terrain modelling recently. @nwell surveyed local, partly forest-clad area
Papp and Sics (2011) determined its deviation from a digitatain model digitized from 1:10 000
topographic maps and found close correlation betwke deviations and canopy heights reaching
sometimes 10 m — 15 m. They transformed the helifgrences to a 3D mass density model dis-
cretized by rectangular prisms to derive gravitgraalies, geoid heights and second derivatives by
forward gravitational modelling. The direct gravitaal effect of the differences between surface
and terrain models is insignificant (< 1 mm) onigdueights but it is considerable if terrain correc
tions for gravity anomalies and torsion balance sneaments are required for geophysical interpre-
tation.

SZics and Benedek (2014) extensively investigated hiclvfrequency band gravity gradients
measured by Eo6tvds torsion balance could contribmutthe refinement of gravity field features.
They used different kernel modifications of thedjometric boundary value problems in the nu-
merical evaluation of integral transforms, espdgitiie integrals transforming horizontal gravity
gradients to vertical gravity gradient, to gravityomaly and to potential. Closed-loop differences
between gravity field quantities derived from int&Egtransforms and their “true” value obtained
from EGM2008 GGM were synthetically analysed forieas wavelength bands both in space and
in frequency domain.

In order to support the evaluation of different igesolutions based on physical approaches (e.g.
gravimetric geoid) the development of a digital iferramera system (DZCS) has been started in
the Research Centre for Astronomy and Earth Scgrdengarian Academy of Sciences. DZCS-s
are astronomical-geodetic measurement systemdéoobbservation of the direction of the plumb
line. The DZCS key component is a pair of tiltmetéar the determination of the instrumental tilt
with respect to the plumb line. Highest accuraay. (0.1 arc-seconds or better) is achieved in-prac
tice through observation with precision tiltmetar®pposite faces (180° instrumental rotation), and
through application of rigorous tilt reduction mégleA novel concept proposes the development of
a hexapod- (Stewart platform)-based DZCS. Howelvexapod-based total rotations are limited to
about 30°-60° in azimuth (equivalent to £+15° and:8®° yaw rotation), which raises the question
of the impact of the rotation angle between the tames on the accuracy of the tilt measurement.
Hirt et al. (2014) investigated the expected aaoyE tilt measurements to be carried out on future
hexapod-based DZCS, with special focus placed emdle of the limited rotation angle. A Monte-
Carlo simulation study is carried out in order &ride accuracy estimates for the tilt determination
as a function of several input parameters, anddbelts are validated against analytical error prop
agation. As main result of the study, limitationtbé instrumental rotation to 60° (30°) deteriosate
the tilt accuracy by a factor of about 2 (4) congohio a 180° rotation between the faces. None the
less, a tilt accuracy at the 0.1 arc-second lewvekpected when the rotation is at least 45°, abl 0
arc-second (about 0.25 microradian) accurate tdtens are deployed. Consequently a hexapod-
based DZCS can be expected to allow sufficientiyuestte determination of the instrumental tilt.
This provides supporting evidence for the feagibiif such a novel instrumentation.

In view of the recent re-measurement campaign efHhngarian Levelling Base Network the
role of gravimetric observations was studied (Kchtalla et al. 2011). Adjustment of the network
was performed using geopotential numbers, whichbeaconverted into an equivalent metric quan-
tity, the normal heights. The normal heights caodle derived directly from raw observed height
differences by adding two normal correction terksandK,. Both of them have been determined
based on an earlier network adjustment. The seterng K, is a function ofAg along the levelling
line, which is implicitly an estimate of the effeat long-wavelength gravity field. The accuracy
demand of gravimetric data for normal correctiodemdifferent terrain conditions was discussed.
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In the recent years several investigations have Ipegformed on the newly constructed subway
line of Budapest, line no. 4 (Metro 4). From the/sibal geodetic aspect the effect of the excavation
on the gravity field (potential surfaces, plumbek is of interest. In fact, the change of the igyav
field may affect the monitoring of the vertical dehation during the construction, as the method of
repeated leveling assumes the local horizontal rtical to be constant in time (E¢etnd
Féldvary 2011). In the study of Egeet al. (2014) the direct effect of the mass losdaveling
measurements due to the excavation of the two tsiamel of the stations of Metro 4 has been con-
sidered. The corresponding numerical accuracy ssave presented by E¢eand Foldvary (2013).
The method has been refined by inclusion of théréotl effect of the actual vertical deformations
(subsidence) of the physical surface on the legelinEge et al. (2013). According to the results,
under certain arrangements of the leveling line,dinect effect can reach theut order of magni-
tude, which is equivalent to the precision of thiegse leveling, while the indirect effect due to
subsidence is below Odm, thus negligible.
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