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a b s t r a c t

An experimental development of a computer controlled photoelectric ocular system applied for the
LaCoste and Romberg G949 gravimeter made the continuous observation of time variation of gravity pos-
sible. The system was operated for half a year in the Sopronbánfalva Geodynamical Observatory to test
its capabilities. The primary aim of this development was to provide an alternative and self-manageable
solution instead of the standard electronic (Capacitive Position Indicator) reading of this type of gravime-
ter and use it for the monitoring of Earth tide. It, however, turned out that this system is sensitive enough
to observe the effect of variable seismic noise (microseisms) due to the changes of ocean weather in
the North Atlantic and North Sea regions at microGal level (1 �Gal = 10−8 m/s2). Up to now not much
attention was paid to its influence on the quality and accuracy of gravity observations because of the
large distance (>1000 km) between the observation place (generally the Carpathian–Pannonian basin)
and the locations (centres of storm zones of the northern hydrosphere) of triggering events. Based on
an elementary harmonic surface deformation model the noise level of gravity observations was com-
pared to the spectral characteristics of seismic time series recorded at the same time in the observatory.
Although the sampling rate of gravity records was 120 s the daily variation of gravity noise level showed
significant correlation with the variation of spectral amplitude distribution of the analysed high pass fil-
tered (cut-off frequency = 0.005 Hz) seismograms up to 10 Hz. Also available daily maps of ocean weather
parameters were used to support both the correlation analysis and the parameterization of the trigger-
ing events of microseisms for further statistical investigations. These maps, which were processed by

standard image processing algorithms, provide numerical data about geometrical (distance and azimuth
of the storm centres relative to the observation point) and physical (mass of swelling water) quantities.
The information can be applied for characterizing the state of ocean weather at a given day which may
help the prediction of its influence on gravity measurements in the future. Probably it is the first attempt
to analyse quantitatively the effect of ocean weather on gravity observations in this specific area of the
Carpathian–Pannonian region.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Nowadays the highest possible accuracy of relative and abso-
ute field observations in gravimetry is better then ±10 �Gal
1 Gal = 10−2 m/s2). Therefore the elimination of the time depend-
nt effect of lunisolar (tidal) gravitational forces varying in the

ange of c.a. ±100 �Gal with dominantly diurnal and semi-diurnal
eriods is one of the most important and routine tasks in the pro-
essing of measurements. Global theoretical Earth tide models � (t)

∗ Corresponding author. Tel.: +36 99 508364.
E-mail address: papp.gabor@csfk.mta.hu (G. Papp).

264-3707/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.jog.2012.07.004
are available (e.g. Wenzel, 1996) for its determination with an
accuracy sufficient for general surveying purposes. These models
contain the amplitude, frequency and phase parameters of the most
important tidal constituents (wave groups) according to the general
scheme of spectral synthesis of harmonic signals:

� (ϕ, t) =
N∑

i=1

ai(1 + ıi) cos
(

2�

Ti
t + �˚i

)
(1)
where N is the number of harmonic constituents, ϕ is the latitude
of the observation point, ai = ai(ϕ) is the amplitude and Ti is the
time period of the of the ith constituent, respectively. Parameters
a and T (Table 1) can be determined with very high precision from

dx.doi.org/10.1016/,DanaInfo=ac.els-cdn.com+j.jog.2012.07.004
https://domicile.ifremer.fr/science/journal/,DanaInfo=www.sciencedirect.com+02643707
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Table 1
The most dominant spectral components of gravity tide computed for ϕ = 47.6◦

(after Baker, 1984).

Spectral
component

Description Ti period
[hours or day]

ai amplitude
[�Gal]

Semi-diurnal
M2 Main lunar component 12.42 34.1
S2 Main solar component 12.00 15.8
N2 Lunar elliptic

component elliptikus
tag

12.66 6.5

K2 Luni-solar declination
comp.

11.97 4.3

Diurnal
O1 Main lunar component 25.82 30.9
K1 Luni-solar declination

component
23.93 43.5

P1 Main solar component 24.07 14.4

Long periodic
Mf Lunar fortnightly

component
13.66 d 4.1

Mm Lunar monthly
component

27.55 d 2.1

Ssa Solar semi-annual 182.62 d 1.9
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oth direct and indirect effects of interplanetary forces (the mass
ttraction of the Sun, the Moon, Jupiter,. . .). The indirect effect (i.e.
he gravitational effect of the elastic response/deformation of the
arth’s body to the interplanetary forces) determines the perturba-
ions ıi and �˚i.

The experimental testing and evaluation of the models of � (t) at
given geographical location (for some early investigations in the
arpathian–Pannonian region see, for example, the studies of Varga
t al., 1977, 1985; Meurers, 1987) can be done by at least half a year
ravity tide observations (�̂ (ϕ, t)) providing at least ±1 �Gal accu-
acy. Although it is enough for the usual practical requirements of
ravimetry and the accuracy is basically available from a technical
oint of view, the general environmental conditions of the obser-
ations may degrade the quality of observations to a great extent.
s it will be demonstrated, the noise

(ϕ, t) = �̂ (ϕ, t) − � (ϕ, t) (2)

hich is defined as a momentary deviation between the mea-
ured and predicted/theoretical gravity tide applying the condition
{�(ϕ, t)}t2

t1
∼= 0, where M{} stands for the average of noise in the

ime period between t1 and t2, may have a value significantly higher
han the amplitude ai of some tidal constituents (Table 1). The char-
cteristics of the noise, its time variation and their relation to ocean
eather processes are discussed in the following sections, based

n the observations at Sopronbánfalva Geodynamical Observatory,
opron, Hungary.

. General environmental conditions of observations

Gravimetric measurements are influenced strongly by seis-
ic and the so-called microseismic motion of the media forming

he body of the Earth (Longuet-Higgins, 1950). Both motions are
elated to those elastic waves that are excited by either natural
r anthropogenic dynamical processes (e.g. earthquakes, weather
henomena on the lands and oceans, and traffic) and propagate

n the Earth’s interior and on its surface up to a distance basically
etermined by the energy of the excitation (Gerstoft et al., 2008).

he waves deforming the body of the Earth cause both geometrical
surface deformation) and physical (mass redistribution) changes
f the media they go through and generate direct and indirect grav-
tational effects, respectively. Restricting the discussion to vertical
Fig. 1. Synthetic ground acceleration caused by a single wave (harmonic) deforma-
tion model of the Earth surface (T = 86,400 s, A = 30 cm in Eq. (7)).

displacements (usually these have the most dominant effect on
gravity measurements) it means basically that the measuring point
changes its height above a reference level through time. So the
distance of the point from the centre of mass of the Earth is also
changed. If the co-linearity between the plumbline, along which
the orthometric height H is defined and the radius vector r going
through and pointing to the observation point is assumed then it
can be modelled by a simple spherical approximation (e.g. Torge,
2001):

∂g

∂H
∼= ∂g

∂r
= −2GME

r3
(3)

where g = GME/r2 gives the spherically symmetric gravitational field
of the mass ME representing the total mass of the Earth. G is the uni-
versal gravitational constant. This approximation is valid on and
outside of the surface of the Earth, where the field is harmonic
according to the Laplace equation:

�V = ∂2V

∂x2
+ ∂2V

∂y2
+ ∂2V

∂z2
= 0 (4)

where V is the gravitational potential.
Although (3) is a very simple model of the Earth’s gravity field,

it provides sufficient accuracy for the estimation of the direct grav-
itational effect of the vertical displacement �H of the observation
point:

�g = ∂g

∂H
�H ∼= −0.3086 [mGal/m] · �H [m] (5)

applying the recent value of the geocentric gravitational constant
GME = 398600.5 × 109 m3 s−2 and the mean radius of the Earth
r = R = 6371 km (Torge, 2001). (5) gives approximately −3 �Gal
gravity change for +1 cm vertical displacement (uprising) of the
Earth’s surface, but this magnitude of deformation is rarely caused
by teleseismic waves generated by distant (D ≥ 1000 km) events
which are the objectives of this recent investigation. It rather
characterizes the size of tidal deformations (about from −30 cm
to + 50 cm) having low frequency excitation (Melchior, 1966). The
non-gravitational ground accelerations generated by them are
however, very small. To prove it let us assume that the movement
of a point fixed to the Earth’s surface is harmonic. Then its vertical
motion can be described by a simple, single wave model:

H(t) = H0 + A sin
(

2�

T
t
)

(6)

where H0 = H(t = 0) is the reference height of the point, A is the
amplitude and T is the cycle time of the motion, respectively. The
non-gravitational acceleration of the point can be described by the
second time derivative of (6):

a(A, T, t) = d2H

dt2
= −A

4�2

T2
sin

(
2�

T
t
)

(7)

For an approximately diurnal tidal deformation (T = 86,400 s,

A = 30 cm) the acceleration resulted by (7) can be seen in Fig. 1. It
clearly shows that the peak acceleration hardly reach a = 0.15 �Gal
which is just a fraction of the change of tidal accelerations (the
result of direct and indirect gravitational effects) listed in Table 1.
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Fig. 2. Synthetic single wave ground accelerations caused by seismic activity. Blue
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Based on (7) the maximum ground acceleration for any displace-
urve: A = 1 nm, T = 0.1 s, red curve: A = 1 nm, T = 1 s, black curve: A = 1 nm, T = 10 s. For
very curve a full period is plotted. Note the logarithmic scale for both time and the
cceleration values.

Since a(A,T,t) in (7) linearly depends on A but at the same time
t is a quadratic function of the frequency, small displacements in
he range of a few nm may give high acceleration for periodical

otions caused by seismic activity having frequencies in the range
etween 0.1 Hz and 10 Hz (Fig. 2).

Fig. 2 explains why gravimetric measurements are so influenced
y (micro)seismic activity induced by either natural or anthropo-
echnogenic sources. 1 nm displacement is comparable to atomic
imensions, so it is very difficult to find places on the Earth where
he seismic “background” noise (i.e. the periodical movement of the
bservation point) is negligible from the viewpoint of gravimetry.

It is assumed that other local, for example, underground hydro-
ogical effects do not influence the hourly/daily noise level, because
hese are rather observable in the time dependent characteristics
f long term (T ≥ 24 h) instrumental drift.

. The noise level of gravimetric observations between
8.06.2010 and 04.01.2011 in Sopronbánfalva Geodynamical
bservatory

The LaCoste-Romberg (LCR) G949 gravity meter equipped by
PC controlled Charge Coupled Device (CCD) ocular (Papp et al.,

009) was used to record gravity variations continuously in Sopron-
ánfalva Geodynamical Observatory operated by the Geodetic
nd Geophysical Research Institute of the Hungarian Academy
f Sciences. Although this system is not conformable with the
ecent standard high tech Earth tide monitoring instruments (e.g.
uperconducting gravity meters) the sensitivity of the meter itself
<1 �Gal, see e.g. Pálinkáš, 2006) is definitely sufficient for back-
round noise observations as is demonstrated in the following
ections. A similar solution was used to improve the accuracy of
ptical readout of an LCR G meter by Woo et al. (2007).

There are also a Streckeisen STS-2 broadband seismometer
nd a 20 m long extensometer (Mentes and Eper-Pápai, 2006)
nstalled in the tunnel system of the observatory driven in an out-
rop of bedrock formed by gneiss. The site is rated as one of the
ost “silent” seismological stations in the Carpathian–Pannonian

egion regarding the observation noise of technogene origin
Tóth et al., 2010) and it is also supposed that the ground-
ater level variation in the solid bedrock has no significant

nfluence on any kind of geodynamical observables. Some fur-
her details about the station SOP, the noise spectrum and
he on-line seismogram can be obtained from the Internet
http://www.seismology.hu/index.php/en/observatory/stations).

The sampling rate of gravity observation was only 120 s,
ecause the primary aim was to test the system for Earth tide

onitoring and to check the long term behaviour of the gravity
eter itself especially the drift. Since the effect of microseisms

s observed typically between 1 s ≤ T ≤ 20 s, the direct spectral
omparison of gravity time series and the time series of seismic
namics 61 (2012) 47–56 49

ground accelerations is impossible. The synthetic ground defor-
mation model (Section 2) constrained with the amplitude spectra
of observed ground deformation time series, however, can be indi-
rectly used to justify statistically that the increased level of ground
accelerations are above the sensitivity limit of the LCR G meter.

5143 h of observations (154,290 samples) were used to deter-
mine the hourly noise level of measurements. First the measured
values were reduced by a theoretical tidal effect computed from a
tidal parameter set (amplitude and phase parameters) derived from
long-term observations of the Austrian superconducting gravity
meter (Meurers et al., 2007) installed now in Conrad Observa-
tory. ETERNA 3.4 modelling software (Wenzel, 1996) was used
to produce � (ϕ,ti) function. Because of the lack of proper cal-
ibration of the instrument in the range of tidal accelerations
(c.a. ±(100–150) �Gal) a residual tidal signal of c.a. ±(5–15) �Gal
characterizes the residual curve. To eliminate the effect of scale
difference between observed and theoretical tides the daily scale
factor md of the instrument was determined and applied to obtain
hourly residuals with negligible mean value according to (2):

�ĝres
d,k,l = (ĝobs

d,k,l − ḡobs
d,k ) − md(�d,k,l − �̄d,k) (8)

ḡobs
d,k = 1

L

L∑
l=1

ĝobs
d,k,l (9)

where ĝ is the gravimeter reading automatically determined by
the computer driven CCD ocular, �̄ is the hourly average of �
tidal accelerations, d = 1, 2, . . ., 214 is the number of the observa-
tion day, k = 1, 2, . . ., 24 is the number of hours on that specific day,
l = 1, 2, . . ., L = 30 is the row number of the observations with 2 min
sampling rate in the corresponding hour and ḡ is the hourly mean
value of observations. The influence of the mostly linear instru-
mental drift which was typically 1 �Gal/h in the investigated time
period was neglected in the estimation of hourly noise level defined
as the RMS dispersion of hourly residuals:

�obs
d,k = ±

√∑L
l=1(	ĝres

d,k,l
)2

L − 1
(10)

From Fig. 3 one can see immediately the difference between
silent and noisy days. Obviously, the largest dispersions
(�±5 �Gal) are mostly caused by distant seismic events, which
can be characterized by strong surface waves. But from time
to time there is a significant increase in the background noise
level (microseisms) when no remarkable teleseismic activity was
recorded with the seismometer, otherwise. Furthermore one
can clearly distinguish between summer and the autumn-winter
period, where generally low and high noise levels are indicated,
respectively. Whereas the silent day observations can be charac-
terized by � = ±1 �Gal dispersion the noise level can be a multiple
of that (±(4–5) �Gal) on noisy days. This seasonal phenomenon is
certainly not connected to any kind of anthropogenic activities (e.g.
city traffic). Although its reason is known as the seasonal variation
of the weather conditions in the North Atlantic and North Sea
region (Longuet-Higgins, 1950; Gerstoft et al., 2008; Hillers et al.,
2012) it was supposed that gravimetric measurements are hardly
influenced by it in the central part of the European continent.

4. Sensitivity analysis of gravity observations by spectral
analysis of seismograms
ment A and cycle time T can be estimated. This way function:

amax(A, T) = a
(

A, T, t = T

4

)
= abs

(
−A

4�2

T2

)
(11)

https://domicile.ifremer.fr/index.php/en/observatory/,DanaInfo=www.seismology.hu+stations
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well-defined, compact band (4 s ≤ T ≤ 7 s) of increased amplitudes
(related to the blue and grey curves) where most of the components
can generate about ±2 �Gal maximum ground accelerations. Con-
cerning the width of this band it is at least 3 times larger than what

observation noise [µGal] 
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Fig. 3. Hourly noise of gravity tide observations with LCR G949

ver two parameters A and T can be defined from (7) and compared
o seismological data which are basically recorded as time series
f ground velocities v(tn). Integrating the velocities by a simple
umerical approximation:

(tn) =
∑

n

v(tn) �t (12)

here �t is the sampling interval of the continuous v(t) function,
ne can determine a discrete approximation of the continuous dis-
lacement function d(t). The Fourier transform of d(t):

(f ) =
∫ ∞

−∞
d(t)e2�iftdt (13)

efines the Fourier spectrum D(f) of the signal d(t) which is basi-
ally the spectral distribution of harmonic components having
requency f. Its integral over the frequency domain (inverse Fourier
ransform) defines the displacement function (Meskó, 1984):

(t) =
∫ ∞

−∞
D(f )e−2�iftdf (14)

ince digital seismograms are discretely sampled time series and
ave finite length the tools of discrete Fourier analysis/transform
ave to be used to determine the discrete spectrum D(fm):

(fm) =
N−1∑
n=0

d(tn)e2�inm/N (15)

here n is the index of samples in the time series of d(t) and m is
he index of discrete frequencies:

m = m

N	t
, m = −N

2
, ...,

N

2
(16)

omputing the one-sided amplitude spectrum (Press et al., 1986)
f the displacement function (12) and using the following identity:

(fm) = A(fm) = A
(

1
Tm

)
(17)

ne can define (17) as a domain for amax given by (11). If both amax

nd A(fm) are represented in the same parameter space determined
y T and A a simple visual estimation of amax is also possible.

To test the applicability of the scheme given above 3 days were
elected from the time period of investigation based on Fig. 3.
oth the seismological and gravimetric data recorded on the 8th

f June, 5th of October and 2nd of November from the year of 2010
re supposed to represent the statistical/spectral characteristics of
bservation days having low, moderate- and high background noise
evel but without sensible (tele)seismic event (Fig. 4).
e [h]

ment in Sopronbánfalva Geodynamical Observatory, Hungary.

Only the Z components of the digital seismograms v(tn) were
used for spectral estimation but prior to it the components having
long cycle time (T > 200 s) were removed by a 2nd order Butter-
worth high-pass filter. The filtered data were converted to d(t) by
(12) afterwards. The amplitude spectra of the pre-processed ground
displacement time series of these days and amax function (Eq. (11))
are displayed together in Fig. 5 where the spectra represent the
domain for the evaluation of amax.

It is clearly indicated that during a “silent day” (grey line) the
main source of microseismic tremor of the observation point is in
the frequency range above 2.5 Hz (T ≤ 4 × 10−1 s), where the ampli-
tude of the spectral components may produce ±1 �Gal maximum
ground acceleration (0 contour line for log10(amax)). A “moderately
noisy” day (blue line) shows increased amplitudes between 0.05 Hz
and 1 Hz (1 s ≤ T ≤ 20 s) the source of which is generally identified
as the ocean weather in the North Atlantic and North Sea region for
seismological stations located on the European continent. The peak
amplitude for this spectrum is about 30 nm, but just a few spectral
components in a narrow cycle time band around T = 8 s can cause
ground acceleration higher than ±1 �Gal (see the area between
contour lines of 0 and 1 values). The daily average noise level is
about ±2 �Gal on this day (Fig. 4). The red curve representing the
amplitude spectrum of a signal with high noise level indicates a
[h]GMT

Fig. 4. Hourly noise plots for gravity tide observations at Sopronbánfalva Geody-
namical Observatory. The dashed lines represent the daily average noise levels.
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Fig. 5. A combined plot of amplitude Fourier spectra of Z displacement functions
and the contour line map of maximum single wave ground acceleration (log10(amax))
as function of cycle time and maximum displacement. The spectra represent the
domains for the evaluation of amax. Red – 2010.11.02, blue – 2010.10.05, grey –
2010.06.08. Note the logarithmic scale both for coordinate axes and for the contour
lines.

Fig. 6. Ocean weather map (top) and the noise of gravity tide observations in Sopronbánfa
directions.
namics 61 (2012) 47–56 51

can be seen on the blue curve. Consequently the sum of the com-
ponents having close cycle time may result in several �Gal peak
acceleration of the ground which is also indicated in Fig. 4, where
the daily average noise level is above of ±4 �Gal on this specific day.

One should note that the noise seems to be quite stationary in
the interval between 1 s and the Nyquist period (0.1 s) and inde-
pendent from the pregnant variations in the frequency band below
1 Hz. Therefore the increased gravity noise level is certainly con-
nected to processes generating low frequency (<1 Hz) deformations
of the ground below the observing instrument.

5. Identification of the triggering events of increased
observation noise

It is commonly supposed that the main source of micro-
seisms observed on the European continent is the interaction

between processes of the atmosphere and hydrosphere in the
North Atlantic and North Sea regions. This interaction is the sub-
ject of ocean weather research. One of its main tasks is to monitor
the dynamics of the processes in real time, so nowadays maps

lva Geodynamical Observatory (bottom) on 08.06.2010. The arrows show the wave
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ig. 7. Ocean weather map (top) and the noise of gravity tide observations in S
he wave directions.

f different ocean weather parameters updated daily or even
ore frequently are accessible from the World Wide Web (e.g.
ww.oceanweather.com). Therefore the noise level variation in

oth gravimetric and seismological observations can be checked
gainst the momentary state of the hydrosphere described by dif-
erent marine data (e.g. so-called significant wave height Hsw, wave
irection).

In order to demonstrate the connection between observation
oise level and the weather conditions on the oceans, the time
eries of the successive differences of observation residuals are
ompared to the significant wave height maps of the days included
n the time series. The maps and viewgraphs paired for the spe-
ific days investigated can be seen in Figs. 6–8. Because of the large
umber of these daily snapshots the easiest way of the process visu-
lization is a moving picture made of them (the reader is referred
o http://www.ggki.hu/eng/news).

Besides the visual correlation clearly demonstrating the strong
nfluence of heavy swell in the North Atlantic region on the

oise of the recorded gravity tide an effort was made to quan-
ify at least statistically this relationship. The driving mechanism
f microseisms, however, is not as simple as implied by this obser-
ational approach. Whereas the contribution of the coastal waves
bánfalva Geodynamical Observatory (bottom) on 05.10.2010. The arrows show

(primary microseisms) is rather straightforward, the mechanism
of the secondary microseisms generated by the so-called stand-
ing waves is more complex and non-linear (Longuet-Higgins, 1950;
Kedar, 2011). It can be investigated only by so-called wave-wave
interaction models (see e.g. Kedar et al., 2008; Hillers et al.,
2012) based on which the interaction intensity (
 ) maps can
be derived/hindcasted. These clearly indicate that, although the
triggering events are wave generating storms on the oceans, in
general the storm wave centres are geographically different from
the source locations of secondary microseisms where 
 = 
 max.
Obviously, in this context this investigation can be regarded as a
preliminary, phenomenological approach because only few param-
eters were determined from marine data web-distributed by
Oceanweather Inc. (www.oceanweather.com) to characterize the
interaction between the triggering events and the noise at obser-
vation place. The significant wave height Hsw was the basic quantity
of this parameterization. The areal distribution of its intensity can
determine several parameters: the location of maximum wave

height, the extension of swelling/stormy area, the mass/volume
and barycentre of swelling water (referred as storm centre later
on), spherical distance and azimuth between the centre and the
observation place, etc.

https://domicile.ifremer.fr/,DanaInfo=www.oceanweather.com+
https://domicile.ifremer.fr/eng/,DanaInfo=www.ggki.hu+news
https://domicile.ifremer.fr/,DanaInfo=www.oceanweather.com+
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ig. 8. Ocean weather map (top) and the noise of gravity tide observations in S
he wave directions.

These parameters were derived from the maps of Hsw dis-
ributed as GIF format images using digital image processing tools
rovided by MATLAB (Gonzáles et al., 2004). The colour scale
oded wave heights were used to select wave height intervals
or the analysis. Segmentation of the images according to the
redefined intervals was accomplished by a method based on
ixel connectivity utilizing 4-connected neighbourhood type.
fter segmentation of images into regions with given wave heights
everal statistical parameters can be determined for them. Special
ttention was paid to compute the area and centre of each storm
egion since the wave maps are given in Mercator projection
hich distorts horizontal size of objects depending on latitude
ith increasing scale from the Equator. The area represented by

he maps is bounded by meridians 70W and 30E and parallels 40N
nd 75N and the content of the maps is discretized on a matrix of
31 pixels × 594 pixels. Therefore the area of a single pixel varies

etween 98.8 km2 and 11.3 km2 for the minimum and maximum

atitudes corresponding to the extension of the investigated area,
espectively. The coordinates of the barycentre of the waving water
ass can be transformed from the image coordinate system to
bánfalva Geodynamical Observatory (bottom) on 02.11.2010. The arrows show

geographical coordinates and distance and azimuth between these
points and Sopronbánfalva Geodynamical Observatory (� = 16.6◦,
ϕ = 47.6◦) were determined as Fig. 9 illustrates it. Inspecting the
maximum wave height values for each day (Fig. 10) it is clearly
visible that there is a definite difference between summer and
autumn–winter periods when the maximum significant wave
height could reach more than 10 m for the latter case. It is in a
good accordance with the results based on the investigation of
body waves (P waves) of microseismic origin on a global scale in a
one year long time period (Gerstoft et al., 2008). Similar seasonal
variation of the gravity observation noise can be seen also in Fig. 3.

After the determination of the geographical coordinates of
storm centres, their distance D to the observation place Sopron,
swelling water mass around the storm centres, observation
azimuth of the storm centres (Fig. 9) the daily observation noise
levels were correlated to these parameters in different combina-

tions.

At first glance Fig. 11 shows a weak control of the water mass
(which is now simply represented by its volume, and called signifi-
cant wave volume later on) disturbed by storm against the distance.
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Fig. 9. Geometrical parameters of the spatial relation between observation point
and storm regions on 01.11.2010. The areas encircled by black line show subregions,
where Hsw ≥ 9.5 m.
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Fig. 10. The seasonal distribution of the daily maximum significant wave heights in
the time period of investigation for the area defined in Fig. 9.

Fig. 11. The distance- and significant wave volume dependence of gravity noise
level.

Fig. 12. Geographical distribution of storm centres marked by coloured circles. The
colour and the diameter of the circles represent the gravity noise level and the

significant wave volume, respectively. The grey line shows the North Atlantic Ridge.
Coordinates are in arc degrees.

The significant wave volume Vsw of a specific storm zone was cal-
culated as the product of the area affected by storm with Hsw:

Vsw =
M∑

i=1

Si(Hsw)i (18)

where Hsw ≥ 6.5 m, Si and (Hsw)i are the area and the significant
wave height belonging to the image pixel with index i, respectively.
The M pixels forming the specific storm area were identified by
segmentation of the images based on the above mentioned pixel
connectivity algorithm (see the encircled sub-regions in Fig. 9).

The control of distance is expected somehow in a “the closer
the storm the larger its influence” manner but this assumption is
not sufficiently justified. This, however, is not a surprise knowing
that in some situations the intensity of wave–wave interactions
are amplified by the bathymetry according to the “organ pipe reso-
nance” (Kedar et al., 2008; Hillers et al., 2012). For some reasons the
occurrence of triggering events generating high gravity observa-
tion noise seems to be concentrated at certain distances regardless
the size of significant wave volume involved. Although the num-
ber of events during the 214 days of observations investigated is
enough only for getting preliminary ideas, the characteristic dis-
tances, where both large and small storms generated high noise
(� > ±3.5 �Gal) can be identified. The shortest distance (1300 km)
agrees well with the average distance between the North Atlantic
coastline of Western Europe and Sopron. There are further signifi-
cant source concentrations at distance of 1800–2200 km, 3000 km
and 4500 km.

Even if the significant wave volume has no primary influence
on the gravity noise level, the distance alone cannot be the basic
descriptive parameter in the relation being investigated. Therefore
a location map of triggering events was created in order to analyse
the connection among the geographical distribution of storm cen-
tres, the significant wave volume and the noise level (Fig. 12). It
shows a concentration of the geographical locations of events gen-
erating high gravity noise, which partly explains both the virtual
concentration according to distance (Fig. 11) and the secondary
importance of the significant wave volume. Some of the events

having considerable effect may somehow be related to tectonic
structures (a segment of the North Atlantic Ridge for example).
The closest and most disturbing events have very small significant
wave volume; consequently these cannot be identified easily in
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� > ±3.5 �Gal) at Sopron, Hungary during the time period investigated. The diam-
ter of the circles is proportional to the size of significant wave volume (see the
n-map legend). Coordinates are in arc degrees.

ig. 12. Therefore a part of the Western European coastal area is
nlarged in Fig. 13. It supports the general separation of the sources
nto the class of coastal wave loading and the class of standing

aves being formed on the oceans’ open surface (Longuet-Higgins,
950).

Three other possible centres (� > ±3.5 �Gal) can be seen in
ig. 12. One is located between Iceland and the Norwegian coast
here there is a depression of the ocean bottom. The second is

bout in half way between the British Isles and the North Atlantic
idge. The third is situated close to the north-eastern coastline of
orth America where the continental shelf starts approximately.
hese dominant triggering event locations do not contradict
he so called bathymetry-dependent amplification factor maps
f wave–wave interaction intensities (Longuet-Higgins, 1950)
etermined by Hillers et al. (2012) from a global scale comparison
f seismic observations and wave action models (Hillers et al.,
012, Fig. 1).

. Conclusions

The noise in the time series of gravity tides recorded with an
xperimental installation of the LCR G949 gravity meter equipped
ith a CCD ocular in the period between 08.06.2010 and 04.01.2011

howed strong correlation with the variable background noise level
microseisms) indicated by a seismograph operated also in Sopron-
ánfalva Geodynamical Observatory. The RMS gravity noise level

s about ±1 �Gal on “silent” days when the noise is generated
ainly by high frequency tremors (f > 1 Hz) of the Earth surface.

he amplitude spectra of seismograms show that the amplitudes
f these oscillations are rarely reach 0.1 nm level. The increased
ravity noise, however, is characterized by ±(4–5) �Gal RMS value
hen the periodical deformations of the ground have amplitudes

reater than 10 nm in the frequency range between 0.05 Hz and
.5 Hz, as it is indicated also by the spectral analysis of seismo-
rams. It is typically generated by the weather related processes
f the hydrosphere in the North Atlantic and North Sea regions.
lthough the correlation of ocean weather and microseisms has
een known for a long time in seismology, its quantitative effect

n gravity observations has been underestimated and neglected
n the Carpathian–Pannonian basin because of the large distance
D > 1000 km) between the possible locations of triggering events
nd the observation places. The joint analysis of ocean weather
namics 61 (2012) 47–56 55

maps and gravity data clearly showed that the impact of both the
near coast waves hitting directly the coastline of the North Sea
(D < 1500 km) and the distant events (D > 3000 km) of the north-
ern hydrosphere can disturb the gravity observations producing
equal gravity noise level in Sopron. Although only records of half a
year were analysed and the approach used is phenomenological the
geographical distribution of the locations related to dominant noise
sources shows a kind of systematic pattern. It fits to the results of
more sophisticated global analysis of microseisms based on wave
action models, wave–wave interaction models and seismological
observations from worldwide arrays.

The comparative analysis of gravity and seismic records through
the application of an elementary single wave deformation model
also demonstrated that high precision gravimetry (� ≤ ±5 �Gal) is
significantly influenced by ocean waves and winds even in the mid-
dle of the European continent where it was not really expected.
Obviously, the unfavourable effect of microseisms can be efficiently
decreased or compensated by proper observation techniques and
instrumentation which should be adjusted to the nature of the
observed noise. The permanent monitoring and analysis of micro-
seisms in gravimetry may help to understand its characteristics in
the Carpathian–Pannonian basin so it is the first step to manage the
problem of noise reduction in gravity observations.
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arga, P., Pícha, J., Šimon, Z., 1977. Investigation of gravimetric records at non-tidal

frequencies. Studia Geophysica et Geodaetica 21 (2), 195–200.
namics 61 (2012) 47–56

Varga, P., Gerstenecker, C., Groten, E., Hönig, W., 1985. Gravimetric Earth tide obser-
vations in Tihany, reliability and interpretation. Annales Geophysicae 4 (3),
493–498.

Wenzel, H.G., 1996. The nanogal software: Earth tide data processing package –
Eterna3.30. Bulletin D’informations Marees Terrestres 124, 9425–9439.

Woo, S.Y., Choi, I.M., Song, H.W., 2007. Measurement of gravitational accelera-

tion values at the calibration laboratories in Korea. In: Proceedings of the 20th
Conference on Measurement of Force, Mass and Torque (together with 3rd
Conference on Pressure Measurement & 1st Conference on Vibration Measure-
ment), Merida, Mexico, Available at: http://www.imeko.org/publications/tc3-
2007/IMEKO-TC3-2007-112u.pdf.

https://domicile.ifremer.fr/publications/tc3-2007/,DanaInfo=www.imeko.org+IMEKO-TC3-2007-112u.pdf

	Preliminary analysis of the connection between ocean dynamics and the noise of gravity tide observed at the Sopronbanfalva Geodynamical Observatory, Hungary
	1 Introduction
	2 General environmental conditions of observations
	3 The noise level of gravimetric observations between 08.06.2010 and 04.01.2011 in Sopronbanfalva Geodynamical Observatory
	4 Sensitivity analysis of gravity observations by spectral analysis of seismograms
	5 Identification of the triggering events of increased observation noise
	6 Conclusions
	Acknowledgements
	References


