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Abstract
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 Astro-Geodetic Observatory in Józefosław (near Warszawa) is equipped with two gravimeters for different purposes.  
Continuously  recording  LCR  ET-26  spring  gravimeter  (since  2002)  serves  for  determination  of  accurate  local  tidal  
coefficients and investigation of environmental effects such as atmospheric and ocean influence on gravity. FG5 no. 230  
ballistic gravimeter is operated periodically - once a month. Frequently measurements allows us for study non-tidal gravity  
changes caused mainly by local and continental hydrology. In this paper we present some advantages of using two types of  
gravity measurements. During calibration process the gravity records from ballistic gravimeter are used for determination of  
scale factor of spring gravimeter. On the other hand ballistic gravimeter utilizes local tidal model determined from spring  
gravimeter  for  obtaining  non-tidal  series.  Long  series  of  synchronous  measurements  were  used  for  determination  of  
background noise, atmospheric (admittance factor), ocean and hydrological effect on gravity changes. Results from both  
gravimeters are presented and discussed. 

Introduction

In Józefosław Observatory various geodetic and geophysical researches are conducted. In these studies gravity 
observations plays important role and have long tradition (Rogowski and others, 2010). Nowadays we observe 
continuous gravity changes with LCR-ET no. 26 spring gravimeter (Bogusz, 2002) and periodically absolute 
gravity values using FG5 no. 230 ballistic gravimeter (Barlik, 2009). This paper gives short overview of main 
investigations in gravity field and its changes on the basis of measurements collected in last 40 months.

Observations

The data discussed here were measured at 1 min samples. Before performing analysis bad points were replaced 
by interpolation, the data was digitally filtered and decimated to hourly samples using  Tsoft (Van Camp and 
Vauterin, 2005). The absolute measurements were of different length. Typically one session consisted 24 sets 
(each of 100 drops) taken during one day. Raw observations of LCR are presented in Fig. 1 along with FG5 
periodically taken measurements.

Fig. 1. Raw observations of LCR gravimeter. Vertical bars represents FG5 measurements.

Spring gravimeter average drift rate is 1.5 μGal per day, but one could see strong yearly variation of drift curve 
with amplitude of about 100 μGal. This behaviour is probably caused by humidity variation which is typical for 
LCR gravimeter and was noted before by some authors (el Wahabi and others, 2000; Pálinkáš, 2006). This will 

require further investigation and will be undertaken through installation humidity sensor in gravimeter chamber.

Calibration of spring gravimeter using AG measurements

Comparison of gravimeters relative to absolute measurements is frequently used method for determination of 
gravimeters scale factors. This technique as completely non-invasive is especially important in periodic control 
of continuously recording gravimeters. For determining of scale factor we used mean set FG5 values and filtered  
LCR data.  Assuming that impact of environmental  disturbances (atmospheric,  hydrological) and tides (body 
tide,ocean loading) is exact for both gravimeters we used uncorrected, centred data for further analysis. Simple 
equation (gFG=kgET+s), was applied for computing LCR scale factor (k) using Least Square Adjustment. Weights 
for measurements were proportional to inverse of square of set uncertainty.

Long series of repeated measurements allows us for comprehensive study on utility of calibration with this  
procedure.  Different computational approaches was performed.  Below are shown results for particular series 
along with AG measurements length (Fig. 2).

 Fig 2. Scale factor values - upper graph, for sessions of minimum 2 days length has bigger marks. Number 
of FG5 measurements days and RMS of LCR residuals.

Unfortunately lengths of measurements allows for confirming manufacturer scale factor at 1% level only.
Stability of scale factor was confirmed performing tidal analysis using baytap08 (Tamura and Agnew, 2008) 

with moving window. Amplitude factor variation for  constituent was within  1 nm/s2 range.

Tidal parameters determination

Fig 3. Amplitude factors, differences in amplitude factors relative to Wahr-Dehant tidal model and phases for 
main tidal constituent (pressure correction applied).

Nowadays the most precise continuous gravity measurements are obtaining using superconducting gravimeters 

but spring gravimeters with electrostatic feedback can challenge with them under favourable condition and 
carefulness in maintenance (Ducarme and others, 2002). Tidal parameters in diurnal and semi-diurnal bands 
were computed using ETERNA (Wenzel, 1996) The results are presented in Fig. 3. Comparison with theoretical 
amplitudes for Wahr-Dehant tidal model yields discrepancies up to 1 μGal. The standard deviation of least-
square technique reached  1 nm/s2.

Atmosphere influence on gravity

Fig 4. Seasonal variation of atmospheric pressure admittance factor (smoothed).

Pressure reduction cannot be neglected in high precision analysis.  Usually the pressure admittance factor  is  
computed as simple regression coefficient using gravity residuals with pressure changes. We computed pressure 
admittance as simple regression coefficient on basis of LCR measurements. Using moving data windowing we 
examined its seasonal behaviour which is presented in Fig. 5. This variation confirms known fact that single 
value cannot represent pressure field accurately. For highest precision one should use two dimensional pressure 
field (Merriam, 1992) or three dimensional operational weather model (Neumeyer and others, 2004).

Ocean loading

Long series  of  consistent  data  allows  to  investigate in  small  signals  such  as  gravity changes  due to  ocean 
loading. Subtracting body tides from tidal analysis results yields a differences up to 1 μGal which are in good 
common with computed indirect effect of ocean using most recent models for this site (Rajner, 2010). For this 
purpose  we  used  SPOTL package  (Agnew,  1996).  Ocean  loading  effect  clearly  explains  main  source  of 
disagreement between results from measurements and tidal models, despite of long distance to nearest ocean 
(Fig 5).

 Fig. 5. Phase plots for residual values (subtracted body tides, filled circle) and residua corrected for ocean 
loading using most recent models (other marks, we do not differentiate models here, as they give similar results).

Hydrological effects

Continental  water  masses  also  have  considerable  influence  on  gravity.  AG  measurements  show  seasonal 
variation of gravity values. Part of seasonal signal can be explained by local water table and global water storage 
(Fig. 6), however we do not see such obvious correlation as was noticed before (Wziontek and others, 2009; 
Rosat and others, 2009). It is quite strange as topography around site is not very complicated so those unknowns 
could stem from unrecognized soil properties. Better agreement is expected using more sophisticated modelling 

of atmospheric effect. In this paper WGHM model (Döll, 2003) was used. 

Fig. 6. AG measurements compared to gravity change due continental water storage and local water table level 
variation.

Background noise

Last  section  is  devoted  to  local  traffic  induced  noise.  We  investigated  in  background  noise  (containing 
instrumental noise) on basis of raw LCR observation (1 min sampling). Here we present daily standard deviation  
from records where tides using H-W potential catalogue (Hartmann and Wenzel, 1995) and polynomial of 9 th 

degree  were  subtracted.  We see that  during day noise is  significantly higher then during the night.  This  is  
consequence of rapidly developing of Józefosław which is in Warsaw suburb area. Seasonal dependence of noise 
is expected and is observed with use of seismometers. Here very strong variation could have some other origins 
not explained yet. 

Fig. 7. Daily and smoothed (Beziér curve) RMS for day and night.

Conclusions

Measurements with LCR-ET and FG5 provide high quality gravity values. Carefulness in processing and long 
series of collected data allows for investigation in weak environmental signals - pressure and ocean loading,  
hydrological signals. Combining those results with records from different instruments (meteo, GNSS, water table 
level and soil moisture observations) in Józefosław Observatory makes it unique place in Poland for geodetic, 
geodynamic and geophysics studies.
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ABSTRACT. Ocean tidal loading is important source of disturbances in precise grav-
ity measurements. Nowadays gravimeters reached unprecedented relative accuracy and
loading signal can be observed also at large distances from the oceans.

In this paper theoretical calculations are compared with analysis made on the basis
of observations collected in Józefos�law Observatory during last three years with use of
LCR-ET spring gravimeter. Long series of consisted data allowed for investigation in
small subtle gravity signals. Subtracting body tides from tidal analysis results yields
discrepancies of a few nm/s2 for main tidal constituents which are in good agreement
with computed ocean loading using most recent ocean models.

Keywords: ocean tidal loading, gravity measurements, LCR gravimeter

1. INTRODUCTION

The Astro-Geodetic Observatory of the Warsaw University of Technology in Józefos�law
(20 km south from the downtown of Warsaw) conducts various geodetic and geophysics
researches (Rogowski et al., 2010). Comprehensive long series research of gravity field
make it unique place in Poland. Since 2001 gravity laboratory is equipped with La-
Coste&Romberg Earth Tide no. 26 spring gravimeter with electrostatic feedback intended
for continuous stationary measurements (Bogusz, 2002). This instrument serves mainly
for determination of the local tidal parameters and investigation of the atmospheric influ-
ence on gravity. Since the end of 2005 the scale factor is systematically controlled through
periodically taken (once a month) parallel measurements with the FG5 no. 230 ballistic
gravimeter since end of 2005 (Rajner and Olszak, 2010). To avoid vibration and mitigate
background noise influence, the gravimeter is placed on the concrete pillar, separated from
building construction in thermal-stable chamber, six meters below ground level.

The recorded gravity signal varies in the range of few hundreds of μGal1 mainly due the
solid Earth tides which express the response of viscoelastic Earth to astronomical forces

11 μGal = 10nm/s2
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Fig. 1. Raw gravity measurements. Upper graph shows all data used in this study.
Lower graph gives some details in an arbitrary chosen time window.

from the Moon, Sun and other external bodies. Other disturbances, reaching several
μGal, are stemming from tectonic movements, geophysical fluids loading (atmosphere,
hydrosphere), pole tide, ocean non-tidal and tidal loading and other effects (e.g Kroner
and Jentzsch, 1999; van Dam et al., 2001; Boy and Hinderer, 2006). These phenomena
have broad range of frequencies from minutes to years. Ocean tides has significant in-
direct influence on land gravity measurements, especially for the near-shore sites. This
effect could reach up to 10% (Farrell, 1972; Melchior, 1978). Thus gravity measurements
are often applied for constraining ocean tide models (Baker and Bos, 2003). Even for
continental sites this effect is non-negliable emphasizing importance of an appropriate
correction in the high precision gravity measurements.

This paper deals with determination of indirect ocean effect from continuous gravity
measurements and comparing it with predicted one using different ocean tides models -
case study of spring gravimeter recording in Józefos�law. It is well known that the most
precise continuous gravity measurements are presently obtained using the superconduct-
ing gravimeters (Hinderer and Crossley, 2004). Nevertheless, the spring gravimeters can
challenge with them under the favourable conditions and with the carefulness in mainte-
nance (Zürn et al., 1991).

2. GRAVITY RESULTS

The data discussed here are 1 minute samples collected during 2007-2009 period. Different
origin perturbation in the considered data could be clearly seen (Fig. 1). During the pre-
processing raw observations were de-gapped and de-spiked using remove-restore technique
in Tsoft software (Van Camp and Vauterin, 2005). Before analysis the data was high-pass
filtered (cut-off frequency 0.7 cycle per day) and decimated to hourly resolution. Spring-
type gravimeters are known to suffer from large non-linear drift. Moreover, seasonal
variation of drift is observed due to humidity changes, particularly in metal-type LCR
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Fig. 2. Residual values of measurements

gravimeters (el Wahabi et al., 2000) what is the present case (Fig. 1). Therefore analysis
was restricted to diurnal and semi-diurnal tidal bands. Long period tidal constituents were
not determined. Fortunately, the long period components are of much less importance
than the short period ones.

Tidal gravity parameters in diurnal and semi-diurnal frequency bands were com-
puted using the international standard processing technique. Harmonic analysis was
performed using the least-squares method with the ETERNA package (Wenzel, 1996) and
utilizing a refined method developed by Chojnicki (1973). The HW95 tidal potential
catalogue was applied (Hartmann and Wenzel, 1995). According to the common practice
in gravity analysis, atmospheric pressure admittance was determined as a single regres-
sion factor using gravity residuals and barometer records. Consequently, empirical factor
−3.45 nm s−2 hPa−1 was used.

The estimated tidal parameters (amplitude factors and phases) for main tidal con-
stituents are shown in Table 1.2 High quality of gravity records and auxiliary data were
confirmed while checking residuals (Fig. 2) after fitting measurements to theoretical pre-
diction. The standard deviation reached as much as 0.98 nm s−2.

Contrary to the tilt or strain tidal observations in case of gravity, global models de-
duced for a stratified Earth are reliable and local geological structures has minor sig-
nificance (Harrison, 1985). Keeping this in mind one could use the equation (Melchior,
1978),

B(B, β) = A(Atheo · δ, ϕ)−R(Atheo · δWD, 0), (1)

to subtract the body tide (R) from the observation (A). The reminder (B) yields other
geophysical phenomena which occur at the same tidal frequencies, such as the ocean tidal
loading. In consequences we assume that (B) yields observed ocean tidal loading. In eq.
(1) the uppercase letters mean amplitude while the greek letters denote phases. Theoret-
ical value of the astronomical tide (tidal forces for the rigid Earth, Ath) were computed
on the basis of the tide generating potential catalogue, observed gravimetric factors (δ)
and phases (ϕ) were estimated by the least-squares method. Theoretical amplitude fac-
tors were taken from the most commonly used Wahr-Dehant model (δWD, Wahr, 1981;
Dehant, 1987). The phases of theoretical tide were set to zero as the viscosity of Earth do
not introduce significant phase lag (Zschau, 1978). Table 1 contains all relevant results.

2In this paper negative values mean phase lag. Phases are referred to local meridian. This convention
adopted by solid tides community is not necessary oceanographers meaning of phases
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Residual part is given in the gravity units because the amplitude factor would have no
meaning for this phenomena. Additionally phases for this vector are given only if am-
plitude is larger than 1 nm s−2. This results clearly shows predominantly semi-diurnal
characteristic of ocean loading for Józefos�law. This is in agreement with the tides regime
for North Atlantic and North Sea.

3. OCEAN LOADING

Gravity variation due to ocean tides are caused by (i) vertical displacement of the gravity
station, (ii) gravitational potential changes owing to the redistribution of mass in the
Earth and (iii) direct Newtonian attraction of the ocean tide mass (Farrell, 1972). The
last effect is negliable for the continental sites.

Farrell (1972) computed Green’s function for the Gutenberg-Bullen Earth model.
Later Goad (1980) improved the numerical approach which is a commonly used method
in the gravity loading computation. Pagiatakis (1990), Kaczorowski (1995, 1998) and
other authors consequently improved the integrated Green’s function by adding effects
from Earth rotation, viscosity using modern Earth models. This refinements are not
significant in the ocean loading determination for continental sites such as Józefos�law
case. Therefore we used those originally given by Farrell. Computation of the ocean
loads done as convolution of an appropriate Green’s function with model of the ocean
tide distribution (Farrell, 1972),

L(r) = ρ ·
∫∫

ocean

G(|r− r′|) ·H(r′) dA (2)

where ρ means density of sea water, G(|r− r′|) is gravitational Green’s function, and H(r′)
height of ocean element area dA, at position vector r’. This integration is practically done
by a summation over gridded numerical ocean models. For this purpose SPOTL package
(Agnew, 1997) as well as on-line ocean tide loading provider were applied.3

Presently dozens of global ocean tide models exist. These are of different origin and
developed by different research group. They are constructed on the basis of in-situ tide
gauge data only, or of altimetric data from TOPEX/POSEIDON mission while others utilize
the hydrodynamic Laplace’s equation. Modern ocean models combine the numerical com-
putation constrained with all available data sets. Detailed description of these models can
be found in the literature (e.g. Schum et al., 1997; Baker and Bos, 2003).

In this study we used several modern and commonly used models. Only some of
them are listed in Tab. 2 but as it will be shown below they give similar results for the
Józefos�law site. The models shown are CSR4.0 (Eanes and Bettadpur, 1995), FES99,
FES2004 (Le Provost et al., 1995), GOT4.7 (Ray, 1999), TPXO.7.2 (Egbert et al., 1994).
The older model of Schwiderski (1980, SCHW) have been used as a standard for many
years hence have been also included in the present work. One should keep in mind that
this model could give erroneous outcome. Nevertheless, for continental sites it still gives
reasonable results.

According to the notation proposed by Melchior (1978),

R(R, 0) = A(Atheo · δ, ϕ)− L(L, λ)−X(X, χ), (3)

or equivalently,
X(X, χ) = B(B, β)− L(L, λ), (4)

3http://froste.oso.chalmers.se/loading/
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Fig. 3. Phasor plots for the main tidal constituents. Filled circle shows residual vector
when the body tide was subtracted from the tidal analysis results (B). Other marks

show residual vector with the ocean loading correction applied (X) for different ocean
tide models (see Tab. 2). As the models give similar results, we do not differentiate

them on the plot.

we computed residual values of observation (X) after subtracting body tide (R) and ocean
loading effect (L). Table 2 presents numerical values of the estimated vector described
above. One could observe improvement i.e. smaller values of the residual vector, when the
loading correction was applied (X, Tab. 2) in comparison to the case when the observations
were corrected for the body tides only (B, Tab. 1). The most convincing results are
obtained for the M2 constituent which is also the largest ocean loading component. The
only exception was found for the K1 term but the ocean loading correction do not worsen
results significantly for this constituent and residual reach 2 nm s−2 only. Moreover, as it
was expected, different models are in very good agreement for the Józefos�law site because
the errors of ocean models are reduced at distances of several hundreds of kilometers from
ocean. Such an agreement is not likely for the near-shore sites.

Fig. 3 shows phasor plots for the largest tidal constituent in Józefos�law. Nevertheless,
as the ocean loading effect is at the level of few nm s−2, we conclude that the improve-
ment is obvious. Some discrepancies may stem from the errors in calibration factor and
instrumental phase lag determination, however further improvements are unlikely due to
the gravimeter nominal accuracy.

4. CONCLUSION

The results presented in this paper indicate that even for site at a large distances from
the ocean the indirect ocean influence on gravity measurements is significant. This effect
is small (2 μGal peak to peak) nevertheless it has to be taken into account in the precise
continuous or absolute gravity measurements.

The ocean loading computed by the use of ocean tide models agree very well with the
observed signal after subtraction of the body tides and correction for the atmospheric
effect. The residual values are significantly reduced when using the ocean tide loading
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correction. Due to the large distance to ocean all the ocean tide models used here give
similar results. Therefore the choice of the individual one as well as the selection of the
Green’s function is not of crucial importance for the computation results.

Some discrepancies could stem from calibration factor accuracy (0.1% relative accuracy
required) or instrumental phase lag determination (accuracy 0.06◦ required). Rajner and
Olszak (2010) did not get satisfactory result due to the insufficient length of absolute
gravity measurements. They estimated the error of the calibration factor slightly below
the 1% level. Nevertheless results of the present study confirmed quality of gravity data
collected in Józefos�law and its usefulness in subtle gravity signal detection for geophysics
and geodetic studies.
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ABSTRACT. Ocean tidal loading is important source of disturbances in precise grav-
ity measurements. Nowadays gravimeters reached unprecedented relative accuracy and
loading signal can be observed also at large distances from the oceans.

In this paper theoretical calculations are compared with analysis made on the basis
of observations collected in Józefos�law Observatory during last three years with use of
LCR-ET spring gravimeter. Long series of consisted data allowed for investigation in
small subtle gravity signals. Subtracting body tides from tidal analysis results yields
discrepancies of a few nm/s2 for main tidal constituents which are in good agreement
with computed ocean loading using most recent ocean models.

Keywords: ocean tidal loading, gravity measurements, LCR gravimeter

1. INTRODUCTION

The Astro-Geodetic Observatory of the Warsaw University of Technology in Józefos�law
(20 km south from the downtown of Warsaw) conducts various geodetic and geophysics
researches (Rogowski et al., 2010). Comprehensive long series research of gravity field
make it unique place in Poland. Since 2001 gravity laboratory is equipped with La-
Coste&Romberg Earth Tide no. 26 spring gravimeter with electrostatic feedback intended
for continuous stationary measurements (Bogusz, 2002). This instrument serves mainly
for determination of the local tidal parameters and investigation of the atmospheric influ-
ence on gravity. Since the end of 2005 the scale factor is systematically controlled through
periodically taken (once a month) parallel measurements with the FG5 no. 230 ballistic
gravimeter since end of 2005 (Rajner and Olszak, 2010). To avoid vibration and mitigate
background noise influence, the gravimeter is placed on the concrete pillar, separated from
building construction in thermal-stable chamber, six meters below ground level.

The recorded gravity signal varies in the range of few hundreds of μGal1 mainly due the
solid Earth tides which express the response of viscoelastic Earth to astronomical forces

11 μGal = 10nm/s2
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Fig. 1. Raw gravity measurements. Upper graph shows all data used in this study.
Lower graph gives some details in an arbitrary chosen time window.

from the Moon, Sun and other external bodies. Other disturbances, reaching several
μGal, are stemming from tectonic movements, geophysical fluids loading (atmosphere,
hydrosphere), pole tide, ocean non-tidal and tidal loading and other effects (e.g Kroner
and Jentzsch, 1999; van Dam et al., 2001; Boy and Hinderer, 2006). These phenomena
have broad range of frequencies from minutes to years. Ocean tides has significant in-
direct influence on land gravity measurements, especially for the near-shore sites. This
effect could reach up to 10% (Farrell, 1972; Melchior, 1978). Thus gravity measurements
are often applied for constraining ocean tide models (Baker and Bos, 2003). Even for
continental sites this effect is non-negliable emphasizing importance of an appropriate
correction in the high precision gravity measurements.

This paper deals with determination of indirect ocean effect from continuous gravity
measurements and comparing it with predicted one using different ocean tides models -
case study of spring gravimeter recording in Józefos�law. It is well known that the most
precise continuous gravity measurements are presently obtained using the superconduct-
ing gravimeters (Hinderer and Crossley, 2004). Nevertheless, the spring gravimeters can
challenge with them under the favourable conditions and with the carefulness in mainte-
nance (Zürn et al., 1991).

2. GRAVITY RESULTS

The data discussed here are 1 minute samples collected during 2007-2009 period. Different
origin perturbation in the considered data could be clearly seen (Fig. 1). During the pre-
processing raw observations were de-gapped and de-spiked using remove-restore technique
in Tsoft software (Van Camp and Vauterin, 2005). Before analysis the data was high-pass
filtered (cut-off frequency 0.7 cycle per day) and decimated to hourly resolution. Spring-
type gravimeters are known to suffer from large non-linear drift. Moreover, seasonal
variation of drift is observed due to humidity changes, particularly in metal-type LCR
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Fig. 2. Residual values of measurements

gravimeters (el Wahabi et al., 2000) what is the present case (Fig. 1). Therefore analysis
was restricted to diurnal and semi-diurnal tidal bands. Long period tidal constituents were
not determined. Fortunately, the long period components are of much less importance
than the short period ones.

Tidal gravity parameters in diurnal and semi-diurnal frequency bands were com-
puted using the international standard processing technique. Harmonic analysis was
performed using the least-squares method with the ETERNA package (Wenzel, 1996) and
utilizing a refined method developed by Chojnicki (1973). The HW95 tidal potential
catalogue was applied (Hartmann and Wenzel, 1995). According to the common practice
in gravity analysis, atmospheric pressure admittance was determined as a single regres-
sion factor using gravity residuals and barometer records. Consequently, empirical factor
−3.45 nm s−2 hPa−1 was used.

The estimated tidal parameters (amplitude factors and phases) for main tidal con-
stituents are shown in Table 1.2 High quality of gravity records and auxiliary data were
confirmed while checking residuals (Fig. 2) after fitting measurements to theoretical pre-
diction. The standard deviation reached as much as 0.98 nm s−2.

Contrary to the tilt or strain tidal observations in case of gravity, global models de-
duced for a stratified Earth are reliable and local geological structures has minor sig-
nificance (Harrison, 1985). Keeping this in mind one could use the equation (Melchior,
1978),

B(B, β) = A(Atheo · δ, ϕ)−R(Atheo · δWD, 0), (1)

to subtract the body tide (R) from the observation (A). The reminder (B) yields other
geophysical phenomena which occur at the same tidal frequencies, such as the ocean tidal
loading. In consequences we assume that (B) yields observed ocean tidal loading. In eq.
(1) the uppercase letters mean amplitude while the greek letters denote phases. Theoret-
ical value of the astronomical tide (tidal forces for the rigid Earth, Ath) were computed
on the basis of the tide generating potential catalogue, observed gravimetric factors (δ)
and phases (ϕ) were estimated by the least-squares method. Theoretical amplitude fac-
tors were taken from the most commonly used Wahr-Dehant model (δWD, Wahr, 1981;
Dehant, 1987). The phases of theoretical tide were set to zero as the viscosity of Earth do
not introduce significant phase lag (Zschau, 1978). Table 1 contains all relevant results.

2In this paper negative values mean phase lag. Phases are referred to local meridian. This convention
adopted by solid tides community is not necessary oceanographers meaning of phases
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Residual part is given in the gravity units because the amplitude factor would have no
meaning for this phenomena. Additionally phases for this vector are given only if am-
plitude is larger than 1 nm s−2. This results clearly shows predominantly semi-diurnal
characteristic of ocean loading for Józefos�law. This is in agreement with the tides regime
for North Atlantic and North Sea.

3. OCEAN LOADING

Gravity variation due to ocean tides are caused by (i) vertical displacement of the gravity
station, (ii) gravitational potential changes owing to the redistribution of mass in the
Earth and (iii) direct Newtonian attraction of the ocean tide mass (Farrell, 1972). The
last effect is negliable for the continental sites.

Farrell (1972) computed Green’s function for the Gutenberg-Bullen Earth model.
Later Goad (1980) improved the numerical approach which is a commonly used method
in the gravity loading computation. Pagiatakis (1990), Kaczorowski (1995, 1998) and
other authors consequently improved the integrated Green’s function by adding effects
from Earth rotation, viscosity using modern Earth models. This refinements are not
significant in the ocean loading determination for continental sites such as Józefos�law
case. Therefore we used those originally given by Farrell. Computation of the ocean
loads done as convolution of an appropriate Green’s function with model of the ocean
tide distribution (Farrell, 1972),

L(r) = ρ ·
∫∫

ocean

G(|r− r′|) ·H(r′) dA (2)

where ρ means density of sea water, G(|r− r′|) is gravitational Green’s function, and H(r′)
height of ocean element area dA, at position vector r’. This integration is practically done
by a summation over gridded numerical ocean models. For this purpose SPOTL package
(Agnew, 1997) as well as on-line ocean tide loading provider were applied.3

Presently dozens of global ocean tide models exist. These are of different origin and
developed by different research group. They are constructed on the basis of in-situ tide
gauge data only, or of altimetric data from TOPEX/POSEIDON mission while others utilize
the hydrodynamic Laplace’s equation. Modern ocean models combine the numerical com-
putation constrained with all available data sets. Detailed description of these models can
be found in the literature (e.g. Schum et al., 1997; Baker and Bos, 2003).

In this study we used several modern and commonly used models. Only some of
them are listed in Tab. 2 but as it will be shown below they give similar results for the
Józefos�law site. The models shown are CSR4.0 (Eanes and Bettadpur, 1995), FES99,
FES2004 (Le Provost et al., 1995), GOT4.7 (Ray, 1999), TPXO.7.2 (Egbert et al., 1994).
The older model of Schwiderski (1980, SCHW) have been used as a standard for many
years hence have been also included in the present work. One should keep in mind that
this model could give erroneous outcome. Nevertheless, for continental sites it still gives
reasonable results.

According to the notation proposed by Melchior (1978),

R(R, 0) = A(Atheo · δ, ϕ)− L(L, λ)−X(X, χ), (3)

or equivalently,
X(X, χ) = B(B, β)− L(L, λ), (4)

3http://froste.oso.chalmers.se/loading/
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Fig. 3. Phasor plots for the main tidal constituents. Filled circle shows residual vector
when the body tide was subtracted from the tidal analysis results (B). Other marks

show residual vector with the ocean loading correction applied (X) for different ocean
tide models (see Tab. 2). As the models give similar results, we do not differentiate

them on the plot.

we computed residual values of observation (X) after subtracting body tide (R) and ocean
loading effect (L). Table 2 presents numerical values of the estimated vector described
above. One could observe improvement i.e. smaller values of the residual vector, when the
loading correction was applied (X, Tab. 2) in comparison to the case when the observations
were corrected for the body tides only (B, Tab. 1). The most convincing results are
obtained for the M2 constituent which is also the largest ocean loading component. The
only exception was found for the K1 term but the ocean loading correction do not worsen
results significantly for this constituent and residual reach 2 nm s−2 only. Moreover, as it
was expected, different models are in very good agreement for the Józefos�law site because
the errors of ocean models are reduced at distances of several hundreds of kilometers from
ocean. Such an agreement is not likely for the near-shore sites.

Fig. 3 shows phasor plots for the largest tidal constituent in Józefos�law. Nevertheless,
as the ocean loading effect is at the level of few nm s−2, we conclude that the improve-
ment is obvious. Some discrepancies may stem from the errors in calibration factor and
instrumental phase lag determination, however further improvements are unlikely due to
the gravimeter nominal accuracy.

4. CONCLUSION

The results presented in this paper indicate that even for site at a large distances from
the ocean the indirect ocean influence on gravity measurements is significant. This effect
is small (2 μGal peak to peak) nevertheless it has to be taken into account in the precise
continuous or absolute gravity measurements.

The ocean loading computed by the use of ocean tide models agree very well with the
observed signal after subtraction of the body tides and correction for the atmospheric
effect. The residual values are significantly reduced when using the ocean tide loading
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correction. Due to the large distance to ocean all the ocean tide models used here give
similar results. Therefore the choice of the individual one as well as the selection of the
Green’s function is not of crucial importance for the computation results.

Some discrepancies could stem from calibration factor accuracy (0.1% relative accuracy
required) or instrumental phase lag determination (accuracy 0.06◦ required). Rajner and
Olszak (2010) did not get satisfactory result due to the insufficient length of absolute
gravity measurements. They estimated the error of the calibration factor slightly below
the 1% level. Nevertheless results of the present study confirmed quality of gravity data
collected in Józefos�law and its usefulness in subtle gravity signal detection for geophysics
and geodetic studies.
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ABSTRACT. Ocean tidal loading is important source of disturbances in precise grav-
ity measurements. Nowadays gravimeters reached unprecedented relative accuracy and
loading signal can be observed also at large distances from the oceans.

In this paper theoretical calculations are compared with analysis made on the basis
of observations collected in Józefos�law Observatory during last three years with use of
LCR-ET spring gravimeter. Long series of consisted data allowed for investigation in
small subtle gravity signals. Subtracting body tides from tidal analysis results yields
discrepancies of a few nm/s2 for main tidal constituents which are in good agreement
with computed ocean loading using most recent ocean models.

Keywords: ocean tidal loading, gravity measurements, LCR gravimeter

1. INTRODUCTION

The Astro-Geodetic Observatory of the Warsaw University of Technology in Józefos�law
(20 km south from the downtown of Warsaw) conducts various geodetic and geophysics
researches (Rogowski et al., 2010). Comprehensive long series research of gravity field
make it unique place in Poland. Since 2001 gravity laboratory is equipped with La-
Coste&Romberg Earth Tide no. 26 spring gravimeter with electrostatic feedback intended
for continuous stationary measurements (Bogusz, 2002). This instrument serves mainly
for determination of the local tidal parameters and investigation of the atmospheric influ-
ence on gravity. Since the end of 2005 the scale factor is systematically controlled through
periodically taken (once a month) parallel measurements with the FG5 no. 230 ballistic
gravimeter since end of 2005 (Rajner and Olszak, 2010). To avoid vibration and mitigate
background noise influence, the gravimeter is placed on the concrete pillar, separated from
building construction in thermal-stable chamber, six meters below ground level.

The recorded gravity signal varies in the range of few hundreds of μGal1 mainly due the
solid Earth tides which express the response of viscoelastic Earth to astronomical forces

11 μGal = 10nm/s2
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Fig. 1. Raw gravity measurements. Upper graph shows all data used in this study.
Lower graph gives some details in an arbitrary chosen time window.

from the Moon, Sun and other external bodies. Other disturbances, reaching several
μGal, are stemming from tectonic movements, geophysical fluids loading (atmosphere,
hydrosphere), pole tide, ocean non-tidal and tidal loading and other effects (e.g Kroner
and Jentzsch, 1999; van Dam et al., 2001; Boy and Hinderer, 2006). These phenomena
have broad range of frequencies from minutes to years. Ocean tides has significant in-
direct influence on land gravity measurements, especially for the near-shore sites. This
effect could reach up to 10% (Farrell, 1972; Melchior, 1978). Thus gravity measurements
are often applied for constraining ocean tide models (Baker and Bos, 2003). Even for
continental sites this effect is non-negliable emphasizing importance of an appropriate
correction in the high precision gravity measurements.

This paper deals with determination of indirect ocean effect from continuous gravity
measurements and comparing it with predicted one using different ocean tides models -
case study of spring gravimeter recording in Józefos�law. It is well known that the most
precise continuous gravity measurements are presently obtained using the superconduct-
ing gravimeters (Hinderer and Crossley, 2004). Nevertheless, the spring gravimeters can
challenge with them under the favourable conditions and with the carefulness in mainte-
nance (Zürn et al., 1991).

2. GRAVITY RESULTS

The data discussed here are 1 minute samples collected during 2007-2009 period. Different
origin perturbation in the considered data could be clearly seen (Fig. 1). During the pre-
processing raw observations were de-gapped and de-spiked using remove-restore technique
in Tsoft software (Van Camp and Vauterin, 2005). Before analysis the data was high-pass
filtered (cut-off frequency 0.7 cycle per day) and decimated to hourly resolution. Spring-
type gravimeters are known to suffer from large non-linear drift. Moreover, seasonal
variation of drift is observed due to humidity changes, particularly in metal-type LCR
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Fig. 2. Residual values of measurements

gravimeters (el Wahabi et al., 2000) what is the present case (Fig. 1). Therefore analysis
was restricted to diurnal and semi-diurnal tidal bands. Long period tidal constituents were
not determined. Fortunately, the long period components are of much less importance
than the short period ones.

Tidal gravity parameters in diurnal and semi-diurnal frequency bands were com-
puted using the international standard processing technique. Harmonic analysis was
performed using the least-squares method with the ETERNA package (Wenzel, 1996) and
utilizing a refined method developed by Chojnicki (1973). The HW95 tidal potential
catalogue was applied (Hartmann and Wenzel, 1995). According to the common practice
in gravity analysis, atmospheric pressure admittance was determined as a single regres-
sion factor using gravity residuals and barometer records. Consequently, empirical factor
−3.45 nm s−2 hPa−1 was used.

The estimated tidal parameters (amplitude factors and phases) for main tidal con-
stituents are shown in Table 1.2 High quality of gravity records and auxiliary data were
confirmed while checking residuals (Fig. 2) after fitting measurements to theoretical pre-
diction. The standard deviation reached as much as 0.98 nm s−2.

Contrary to the tilt or strain tidal observations in case of gravity, global models de-
duced for a stratified Earth are reliable and local geological structures has minor sig-
nificance (Harrison, 1985). Keeping this in mind one could use the equation (Melchior,
1978),

B(B, β) = A(Atheo · δ, ϕ)−R(Atheo · δWD, 0), (1)

to subtract the body tide (R) from the observation (A). The reminder (B) yields other
geophysical phenomena which occur at the same tidal frequencies, such as the ocean tidal
loading. In consequences we assume that (B) yields observed ocean tidal loading. In eq.
(1) the uppercase letters mean amplitude while the greek letters denote phases. Theoret-
ical value of the astronomical tide (tidal forces for the rigid Earth, Ath) were computed
on the basis of the tide generating potential catalogue, observed gravimetric factors (δ)
and phases (ϕ) were estimated by the least-squares method. Theoretical amplitude fac-
tors were taken from the most commonly used Wahr-Dehant model (δWD, Wahr, 1981;
Dehant, 1987). The phases of theoretical tide were set to zero as the viscosity of Earth do
not introduce significant phase lag (Zschau, 1978). Table 1 contains all relevant results.

2In this paper negative values mean phase lag. Phases are referred to local meridian. This convention
adopted by solid tides community is not necessary oceanographers meaning of phases
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Residual part is given in the gravity units because the amplitude factor would have no
meaning for this phenomena. Additionally phases for this vector are given only if am-
plitude is larger than 1 nm s−2. This results clearly shows predominantly semi-diurnal
characteristic of ocean loading for Józefos�law. This is in agreement with the tides regime
for North Atlantic and North Sea.

3. OCEAN LOADING

Gravity variation due to ocean tides are caused by (i) vertical displacement of the gravity
station, (ii) gravitational potential changes owing to the redistribution of mass in the
Earth and (iii) direct Newtonian attraction of the ocean tide mass (Farrell, 1972). The
last effect is negliable for the continental sites.

Farrell (1972) computed Green’s function for the Gutenberg-Bullen Earth model.
Later Goad (1980) improved the numerical approach which is a commonly used method
in the gravity loading computation. Pagiatakis (1990), Kaczorowski (1995, 1998) and
other authors consequently improved the integrated Green’s function by adding effects
from Earth rotation, viscosity using modern Earth models. This refinements are not
significant in the ocean loading determination for continental sites such as Józefos�law
case. Therefore we used those originally given by Farrell. Computation of the ocean
loads done as convolution of an appropriate Green’s function with model of the ocean
tide distribution (Farrell, 1972),

L(r) = ρ ·
∫∫

ocean

G(|r− r′|) ·H(r′) dA (2)

where ρ means density of sea water, G(|r− r′|) is gravitational Green’s function, and H(r′)
height of ocean element area dA, at position vector r’. This integration is practically done
by a summation over gridded numerical ocean models. For this purpose SPOTL package
(Agnew, 1997) as well as on-line ocean tide loading provider were applied.3

Presently dozens of global ocean tide models exist. These are of different origin and
developed by different research group. They are constructed on the basis of in-situ tide
gauge data only, or of altimetric data from TOPEX/POSEIDON mission while others utilize
the hydrodynamic Laplace’s equation. Modern ocean models combine the numerical com-
putation constrained with all available data sets. Detailed description of these models can
be found in the literature (e.g. Schum et al., 1997; Baker and Bos, 2003).

In this study we used several modern and commonly used models. Only some of
them are listed in Tab. 2 but as it will be shown below they give similar results for the
Józefos�law site. The models shown are CSR4.0 (Eanes and Bettadpur, 1995), FES99,
FES2004 (Le Provost et al., 1995), GOT4.7 (Ray, 1999), TPXO.7.2 (Egbert et al., 1994).
The older model of Schwiderski (1980, SCHW) have been used as a standard for many
years hence have been also included in the present work. One should keep in mind that
this model could give erroneous outcome. Nevertheless, for continental sites it still gives
reasonable results.

According to the notation proposed by Melchior (1978),

R(R, 0) = A(Atheo · δ, ϕ)− L(L, λ)−X(X, χ), (3)

or equivalently,
X(X, χ) = B(B, β)− L(L, λ), (4)

3http://froste.oso.chalmers.se/loading/
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Fig. 3. Phasor plots for the main tidal constituents. Filled circle shows residual vector
when the body tide was subtracted from the tidal analysis results (B). Other marks

show residual vector with the ocean loading correction applied (X) for different ocean
tide models (see Tab. 2). As the models give similar results, we do not differentiate

them on the plot.

we computed residual values of observation (X) after subtracting body tide (R) and ocean
loading effect (L). Table 2 presents numerical values of the estimated vector described
above. One could observe improvement i.e. smaller values of the residual vector, when the
loading correction was applied (X, Tab. 2) in comparison to the case when the observations
were corrected for the body tides only (B, Tab. 1). The most convincing results are
obtained for the M2 constituent which is also the largest ocean loading component. The
only exception was found for the K1 term but the ocean loading correction do not worsen
results significantly for this constituent and residual reach 2 nm s−2 only. Moreover, as it
was expected, different models are in very good agreement for the Józefos�law site because
the errors of ocean models are reduced at distances of several hundreds of kilometers from
ocean. Such an agreement is not likely for the near-shore sites.

Fig. 3 shows phasor plots for the largest tidal constituent in Józefos�law. Nevertheless,
as the ocean loading effect is at the level of few nm s−2, we conclude that the improve-
ment is obvious. Some discrepancies may stem from the errors in calibration factor and
instrumental phase lag determination, however further improvements are unlikely due to
the gravimeter nominal accuracy.

4. CONCLUSION

The results presented in this paper indicate that even for site at a large distances from
the ocean the indirect ocean influence on gravity measurements is significant. This effect
is small (2 μGal peak to peak) nevertheless it has to be taken into account in the precise
continuous or absolute gravity measurements.

The ocean loading computed by the use of ocean tide models agree very well with the
observed signal after subtraction of the body tides and correction for the atmospheric
effect. The residual values are significantly reduced when using the ocean tide loading
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correction. Due to the large distance to ocean all the ocean tide models used here give
similar results. Therefore the choice of the individual one as well as the selection of the
Green’s function is not of crucial importance for the computation results.

Some discrepancies could stem from calibration factor accuracy (0.1% relative accuracy
required) or instrumental phase lag determination (accuracy 0.06◦ required). Rajner and
Olszak (2010) did not get satisfactory result due to the insufficient length of absolute
gravity measurements. They estimated the error of the calibration factor slightly below
the 1% level. Nevertheless results of the present study confirmed quality of gravity data
collected in Józefos�law and its usefulness in subtle gravity signal detection for geophysics
and geodetic studies.
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Abstract

After  strong  earthquakes  the  Earth  oscillates  with  spheroidal  and 
toroidal modes. The former cause gravity changes which can be detect-
ed  with  sensitive  instruments.  For  this  purpose  we  used  continuous 
gravity  measurements  with  LaCoste&Romberg  Earth  Tide  spring 
gravimeter from Józefosław Observatory. Spectral analyses of records 
show  significant  peaks  in  normal  mode  frequencies.  This  peaks  are 
above noise level and their eigenfrequencies are in good agreement with 
seismic theories. We show here some examples of free oscillations reg-
istration after particular earthquakes and stacking method as well. Some 
remarks concerning noise level in gravity measurements and data treat-
ment are also given. 

1  Introduction

It  is  well  known that studying of free oscillation provides information and constraints  of 
Earth’s interior (Gilbert and Dziewoński, 1975; Resovsky and Ritzwoller, 1998; Park et al., 
2005). In this works not only seismometers can be applied. The gravimeters are also used and 
are superior in the low-frequency band. 

In this study we used tidal gravity measurements collected with LC&R Earth Tide no. 26 
spring gravimeter at Józefosław Observatory (Bogusz, 2002). This gravimeter serves in tidal 
and geodynamical studies (Rajner, 2010). In this paper we discuss sub-seismic and normal 
mode band where Earth free oscillations have their eigenfrequencies. Analysis of records af-
ter strong earthquakes shows that whole spectrum of spheroidal fundamental modes is exited 
and and their frequencies are in very good agreement with theoretical ones computed on the 
basis of Earth models.

It should be pointed out that nowadays the superconducting gravimeters are far superior 
than spring type instruments especially in low frequency band where the gravest modes are 
observed  (Widmer-Schnidrig,  2003).  Nevertheless  spring  gravimeters  still  can  challenge 
them in subseismic band (Richer et al., 1995).

2  Data treatment

Classical tidal gravity analysis treats earthquake data as a serious disturbance which has to be 
corrected or removed in preprocessing stage. Moreover after removing outliers the data is 
usually decimated to hourly samples which is common procedure as there are no any signifi-
cant tidal components with periods shorter then few hours. Consecutive we dispose all infor-
mation in periods shorter than few hours.

In order to investigate in frequency band with periods from several minutes to hour we 
took raw data which are recorded every one minute. This data is 400s window length moving 
averaged. Consecutively we refer to this data as filtered data. Before spectral analysis we sub-
tracted solid Earth tides from data. This was done with the previously determined gravimetric 
factors and phases for main tidal constituents (Rajner, 2010). This procedure removes also 
ocean tidal loading. For the pressure correction single admittance factor from tidal analysis (-
3.45 nm·s-2·hPa-1) was used along with local barometric records. 

2.1  Noise level

The Józefosław is located in Warsaw suburb area, near the fast growing settlement. This fact 
is well observed in quality of our records in terms of environmental noise. One could see in 
the spectrogram of gravity residuals (Fig. 1) long-term increase of noise with seasonal fluctu-
ation. Barlik et al. (2010) gave some insight in noise level in Józefosław. They analysed de-
tided and depressured gravity measurements in time-domain. This approach showed signifi-
cant variation of noise in seasonal and daily time scale. The former is probably of geophysi-
cal origin (pelagic storms) and the latter is caused by intensive urbanization. More qualitative 
evaluation of the noise level is shown as power spectral densities (PSD) of whole multi-year 
data set in comparison to New Low Noise Model (NLNM) introduced by Peterson (1993). 
This model reflects the lowest noise from whole network of seismometers and is frequently 
used as reference level in instrument and site dependent noise evaluation. Fig. 2 shows very 
high noise level in data. We do not see any significant improvements in residuals after sub-
tracting synthetic tides and pressure effect (diminishing of diurnal and semidiurnal tidal peaks 
is the only distinct change). This indicate that dominant source of noise in short-period spec-
trum is not connected with atmosphere. On the right graph we show PSD in normal mode 
band from long data set with PSD of one of the quiets day. This huge difference proves that 
this increased noise is due to anthropogenic origin. From comparison of PSD with NLNM 
one can conclude that Józefosław is very noisy site. We should mention that gravimeters, 
when located in quiet sites, are slightly above or even below NLNM, especially in low-fre-
quency normal mode band (Banka and Crossley, 1999; Rosat et al., 2004).

The large noise is the most important delimitation when studying phenomena in subseis-
mic frequency band. Anyway we show in subsequent paragraphs the despite of this disadvan-
tages free oscillation still can be observed above noise floor.

 
Fig. 1. Spectrogram of residuals of gravity measurements. Horizontal axis is time-span of 3.5 years (2006-2010) 
and vertical axis is frequency: 0-8 mHz.

Fig. 2. (a) PSD of filtered gravity results (black) and residuals (de-tided and de-pressured time series, gray). (b) 
Blow-up of left figure with PSD of one very quiet day along NLNM. The free oscillation band is marked with 
horizontal bar.

3 Free oscillations

The main source of excitation of the Earth free oscillation are the strong earthquakes. A few 
examples are given in Fig. 3. During this event we see large amplitude of gravity variation. 
The motion of the Earth can be written as a sum of decaying harmonic (Masters and Widmer, 
1995), 

 
where A,ω,ϕ is amplitude, frequency and phase respectively and Qk is “quality factor” of k-th 
constituent.  This oscillation can be observed with horizontal  and vertical  seismometers as 
well as with gravimeters. The latter is restricted only to spheroidal modes, however toroidal 
ones also can appear in spectral analysis as a consequence of coupling with spheroidal ones, 
especially through Coriolis force. This oscillation can be observed for long time. In very quiet 
sites it is even possible to observe this modes during silent days when there was no source of 
excitation in solid Earth (Suda et al., 1998). This continuous vibration is believed to be of at-
mospheric or oceanic origin. Unfortunately we are unable to observe this so-called “hum” as 
this amplitudes are at nanogal level, much lower that our noise content.

Fig. 3. Raw (top) and filtered (bottom) records of LCR ET26 gravimeter from great earthquakes. Vertical bars 
indicate start of the event. Note different scale on vertical axis.

The quick look at the spectrogram of residuals (see supplementary figures and enhanced on 
line text) shows that earthquakes are easily recognizable in the records. 

Figure 4 shows an example of normal mode registration. The amplitude spectra are 
computed on the basis of almost 40 hours window a few hours after Chilean earthquake in 
2010. All fundamental spheroidal modes are well resolved. We can see even fine structure of 
0S7 mode which is due coupling with nearby modes. We can easily connect every significant 
peak with theoretical prediction. The vertical bars in figures depict frequencies for spheroidal 
modes which were taken from Masters and Widmer (1995) for the PREM model (Dziewońs-
ki and Anderson, 1981). Due to high noise level we are not able to investigate in deviations in 
terms of lateral heterogeneity in mantle or splitting and coupling due to earth flattening and 
rotation (Zürn et al., 2000; Rosat et al., 2007). This example shows even the gravest modes 
like „breathing” and „football” mode (0S0 and 0S2 respectively).

Fig. 4. Amplitude spectra from about 5h to 43h after Chilean (2010) earthquake (black). For comparison there is 
shown a spectra from window of similar length before earthquake which estimate noise level in measurements 
(gray).

3.1  Stacking spectra

Here we present also stacked spectra from several great earthquakes (shown in Fig. 3). The 
following formula was used, 

which yields simple geometrical mean. The amplitude of spectra (A) for specific frequency (f) 
is computed on the basis of n amplitudes from different earthquakes. This method confirms 
that spheroidal modes can be retrieved from our data. Here we also note increased noise be-
low 2 mHz which is due to atmosphere and background noise as well. The stacked spectra are 
shown in Figure 5.

Fig. 5. Amplitude product spectra from selected great earthquakes

The increased noise in low frequencies is attributed to pressure induced gravity change. 
This effect is normally eliminated or reduced with single admittance atmospheric factor (Zürn 
and Widmer, 1995). Unfortunately this is not the case. We do not see any significant im-
provement in this band using atmospheric correction.  We used admittance factor of -3.45 
nm·s-2·hPa-1 which was obtained in previous tidal analysis (Rajner, 2010). Fig. 6 presents low 
frequency amplitude spectra with and without pressure correction. We do not found any sig-
nificant change. Again we suspect the exceptionally high noise. 

 
Fig. 6. Amplitude spectra from Chilean earthquake in low frequency normal mode band. The solid colors show 
results without pressure correction and the dark line shows results for records where atmospheric correction was 
applied. We used the factor -3.45 nm·s-2·hPa-1 from least square tidal analysis.

3.2  Quality factors

The quantitative evaluation of oscillations decaying is given here in terms of quality factor Q. 
We estimated spectra  for single modes with moving window. Afterwards the exponential 
function was fitted and Q factor was estimated. Again this study is limited because modes are 
quickly lost in floor noise. Fig. 7 presents two examples of decaying amplitudes and fitted 
function for two modes. This examples are chosen arbitrarily. One should aware that for other 
modes we did not find such a good results.

 
Fig. 7. Fitted exponential regression function for two modes. The estimated Q value for 0S23 is 293 comparing to 
theoretical value of 259. For 0S16  we found 284 when the expected from Earth model is 325 respectively. Apply-
ing standard pressure correction do not affect results significantly.

4  Conclusion

We confirmed that free modes are evident in  LCR ET record. This small gravity changes 
which has amplitudes at nm·s-2 level are very well resolved. The eigenfrequencies are in good 
agreement with theoretical ones computed on the basis of Earth models. Nevertheless one 
should aware that these single results cannot be fully exploited in terms of knowledge of 
Earth’s interior structure. We shows also that the noise level in Józefosław is very high and is 
the main limitation in precise gravity measurements in normal mode frequency band.

On-line material

For supplementary text with additional colored figures in high resolution, please see the web-
site: www.geo.republika.pl/pub
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toroidal modes. The former cause gravity changes which can be detect-
ed  with  sensitive  instruments.  For  this  purpose  we  used  continuous 
gravity  measurements  with  LaCoste&Romberg  Earth  Tide  spring 
gravimeter from Józefosław Observatory. Spectral analyses of records 
show  significant  peaks  in  normal  mode  frequencies.  This  peaks  are 
above noise level and their eigenfrequencies are in good agreement with 
seismic theories. We show here some examples of free oscillations reg-
istration after particular earthquakes and stacking method as well. Some 
remarks concerning noise level in gravity measurements and data treat-
ment are also given. 

1  Introduction

It  is  well  known that studying of free oscillation provides information and constraints  of 
Earth’s interior (Gilbert and Dziewoński, 1975; Resovsky and Ritzwoller, 1998; Park et al., 
2005). In this works not only seismometers can be applied. The gravimeters are also used and 
are superior in the low-frequency band. 

In this study we used tidal gravity measurements collected with LC&R Earth Tide no. 26 
spring gravimeter at Józefosław Observatory (Bogusz, 2002). This gravimeter serves in tidal 
and geodynamical studies (Rajner, 2010). In this paper we discuss sub-seismic and normal 
mode band where Earth free oscillations have their eigenfrequencies. Analysis of records af-
ter strong earthquakes shows that whole spectrum of spheroidal fundamental modes is exited 
and and their frequencies are in very good agreement with theoretical ones computed on the 
basis of Earth models.

It should be pointed out that nowadays the superconducting gravimeters are far superior 
than spring type instruments especially in low frequency band where the gravest modes are 
observed  (Widmer-Schnidrig,  2003).  Nevertheless  spring  gravimeters  still  can  challenge 
them in subseismic band (Richer et al., 1995).

2  Data treatment

Classical tidal gravity analysis treats earthquake data as a serious disturbance which has to be 
corrected or removed in preprocessing stage. Moreover after removing outliers the data is 
usually decimated to hourly samples which is common procedure as there are no any signifi-
cant tidal components with periods shorter then few hours. Consecutive we dispose all infor-
mation in periods shorter than few hours.

In order to investigate in frequency band with periods from several minutes to hour we 
took raw data which are recorded every one minute. This data is 400s window length moving 
averaged. Consecutively we refer to this data as filtered data. Before spectral analysis we sub-
tracted solid Earth tides from data. This was done with the previously determined gravimetric 
factors and phases for main tidal constituents (Rajner, 2010). This procedure removes also 
ocean tidal loading. For the pressure correction single admittance factor from tidal analysis (-
3.45 nm·s-2·hPa-1) was used along with local barometric records. 

2.1  Noise level

The Józefosław is located in Warsaw suburb area, near the fast growing settlement. This fact 
is well observed in quality of our records in terms of environmental noise. One could see in 
the spectrogram of gravity residuals (Fig. 1) long-term increase of noise with seasonal fluctu-
ation. Barlik et al. (2010) gave some insight in noise level in Józefosław. They analysed de-
tided and depressured gravity measurements in time-domain. This approach showed signifi-
cant variation of noise in seasonal and daily time scale. The former is probably of geophysi-
cal origin (pelagic storms) and the latter is caused by intensive urbanization. More qualitative 
evaluation of the noise level is shown as power spectral densities (PSD) of whole multi-year 
data set in comparison to New Low Noise Model (NLNM) introduced by Peterson (1993). 
This model reflects the lowest noise from whole network of seismometers and is frequently 
used as reference level in instrument and site dependent noise evaluation. Fig. 2 shows very 
high noise level in data. We do not see any significant improvements in residuals after sub-
tracting synthetic tides and pressure effect (diminishing of diurnal and semidiurnal tidal peaks 
is the only distinct change). This indicate that dominant source of noise in short-period spec-
trum is not connected with atmosphere. On the right graph we show PSD in normal mode 
band from long data set with PSD of one of the quiets day. This huge difference proves that 
this increased noise is due to anthropogenic origin. From comparison of PSD with NLNM 
one can conclude that Józefosław is very noisy site. We should mention that gravimeters, 
when located in quiet sites, are slightly above or even below NLNM, especially in low-fre-
quency normal mode band (Banka and Crossley, 1999; Rosat et al., 2004).

The large noise is the most important delimitation when studying phenomena in subseis-
mic frequency band. Anyway we show in subsequent paragraphs the despite of this disadvan-
tages free oscillation still can be observed above noise floor.

 
Fig. 1. Spectrogram of residuals of gravity measurements. Horizontal axis is time-span of 3.5 years (2006-2010) 
and vertical axis is frequency: 0-8 mHz.

Fig. 2. (a) PSD of filtered gravity results (black) and residuals (de-tided and de-pressured time series, gray). (b) 
Blow-up of left figure with PSD of one very quiet day along NLNM. The free oscillation band is marked with 
horizontal bar.

3 Free oscillations

The main source of excitation of the Earth free oscillation are the strong earthquakes. A few 
examples are given in Fig. 3. During this event we see large amplitude of gravity variation. 
The motion of the Earth can be written as a sum of decaying harmonic (Masters and Widmer, 
1995), 

 
where A,ω,ϕ is amplitude, frequency and phase respectively and Qk is “quality factor” of k-th 
constituent.  This oscillation can be observed with horizontal  and vertical  seismometers as 
well as with gravimeters. The latter is restricted only to spheroidal modes, however toroidal 
ones also can appear in spectral analysis as a consequence of coupling with spheroidal ones, 
especially through Coriolis force. This oscillation can be observed for long time. In very quiet 
sites it is even possible to observe this modes during silent days when there was no source of 
excitation in solid Earth (Suda et al., 1998). This continuous vibration is believed to be of at-
mospheric or oceanic origin. Unfortunately we are unable to observe this so-called “hum” as 
this amplitudes are at nanogal level, much lower that our noise content.

Fig. 3. Raw (top) and filtered (bottom) records of LCR ET26 gravimeter from great earthquakes. Vertical bars 
indicate start of the event. Note different scale on vertical axis.

The quick look at the spectrogram of residuals (see supplementary figures and enhanced on 
line text) shows that earthquakes are easily recognizable in the records. 

Figure 4 shows an example of normal mode registration. The amplitude spectra are 
computed on the basis of almost 40 hours window a few hours after Chilean earthquake in 
2010. All fundamental spheroidal modes are well resolved. We can see even fine structure of 
0S7 mode which is due coupling with nearby modes. We can easily connect every significant 
peak with theoretical prediction. The vertical bars in figures depict frequencies for spheroidal 
modes which were taken from Masters and Widmer (1995) for the PREM model (Dziewońs-
ki and Anderson, 1981). Due to high noise level we are not able to investigate in deviations in 
terms of lateral heterogeneity in mantle or splitting and coupling due to earth flattening and 
rotation (Zürn et al., 2000; Rosat et al., 2007). This example shows even the gravest modes 
like „breathing” and „football” mode (0S0 and 0S2 respectively).

Fig. 4. Amplitude spectra from about 5h to 43h after Chilean (2010) earthquake (black). For comparison there is 
shown a spectra from window of similar length before earthquake which estimate noise level in measurements 
(gray).

3.1  Stacking spectra

Here we present also stacked spectra from several great earthquakes (shown in Fig. 3). The 
following formula was used, 

which yields simple geometrical mean. The amplitude of spectra (A) for specific frequency (f) 
is computed on the basis of n amplitudes from different earthquakes. This method confirms 
that spheroidal modes can be retrieved from our data. Here we also note increased noise be-
low 2 mHz which is due to atmosphere and background noise as well. The stacked spectra are 
shown in Figure 5.

Fig. 5. Amplitude product spectra from selected great earthquakes

The increased noise in low frequencies is attributed to pressure induced gravity change. 
This effect is normally eliminated or reduced with single admittance atmospheric factor (Zürn 
and Widmer, 1995). Unfortunately this is not the case. We do not see any significant im-
provement in this band using atmospheric correction.  We used admittance factor of -3.45 
nm·s-2·hPa-1 which was obtained in previous tidal analysis (Rajner, 2010). Fig. 6 presents low 
frequency amplitude spectra with and without pressure correction. We do not found any sig-
nificant change. Again we suspect the exceptionally high noise. 

 
Fig. 6. Amplitude spectra from Chilean earthquake in low frequency normal mode band. The solid colors show 
results without pressure correction and the dark line shows results for records where atmospheric correction was 
applied. We used the factor -3.45 nm·s-2·hPa-1 from least square tidal analysis.

3.2  Quality factors

The quantitative evaluation of oscillations decaying is given here in terms of quality factor Q. 
We estimated spectra  for single modes with moving window. Afterwards the exponential 
function was fitted and Q factor was estimated. Again this study is limited because modes are 
quickly lost in floor noise. Fig. 7 presents two examples of decaying amplitudes and fitted 
function for two modes. This examples are chosen arbitrarily. One should aware that for other 
modes we did not find such a good results.

 
Fig. 7. Fitted exponential regression function for two modes. The estimated Q value for 0S23 is 293 comparing to 
theoretical value of 259. For 0S16  we found 284 when the expected from Earth model is 325 respectively. Apply-
ing standard pressure correction do not affect results significantly.

4  Conclusion

We confirmed that free modes are evident in  LCR ET record. This small gravity changes 
which has amplitudes at nm·s-2 level are very well resolved. The eigenfrequencies are in good 
agreement with theoretical ones computed on the basis of Earth models. Nevertheless one 
should aware that these single results cannot be fully exploited in terms of knowledge of 
Earth’s interior structure. We shows also that the noise level in Józefosław is very high and is 
the main limitation in precise gravity measurements in normal mode frequency band.

On-line material

For supplementary text with additional colored figures in high resolution, please see the web-
site: www.geo.republika.pl/pub
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After  strong  earthquakes  the  Earth  oscillates  with  spheroidal  and 
toroidal modes. The former cause gravity changes which can be detect-
ed  with  sensitive  instruments.  For  this  purpose  we  used  continuous 
gravity  measurements  with  LaCoste&Romberg  Earth  Tide  spring 
gravimeter from Józefosław Observatory. Spectral analyses of records 
show  significant  peaks  in  normal  mode  frequencies.  This  peaks  are 
above noise level and their eigenfrequencies are in good agreement with 
seismic theories. We show here some examples of free oscillations reg-
istration after particular earthquakes and stacking method as well. Some 
remarks concerning noise level in gravity measurements and data treat-
ment are also given. 

1  Introduction

It  is  well  known that studying of free oscillation provides information and constraints  of 
Earth’s interior (Gilbert and Dziewoński, 1975; Resovsky and Ritzwoller, 1998; Park et al., 
2005). In this works not only seismometers can be applied. The gravimeters are also used and 
are superior in the low-frequency band. 

In this study we used tidal gravity measurements collected with LC&R Earth Tide no. 26 
spring gravimeter at Józefosław Observatory (Bogusz, 2002). This gravimeter serves in tidal 
and geodynamical studies (Rajner, 2010). In this paper we discuss sub-seismic and normal 
mode band where Earth free oscillations have their eigenfrequencies. Analysis of records af-
ter strong earthquakes shows that whole spectrum of spheroidal fundamental modes is exited 
and and their frequencies are in very good agreement with theoretical ones computed on the 
basis of Earth models.

It should be pointed out that nowadays the superconducting gravimeters are far superior 
than spring type instruments especially in low frequency band where the gravest modes are 
observed  (Widmer-Schnidrig,  2003).  Nevertheless  spring  gravimeters  still  can  challenge 
them in subseismic band (Richer et al., 1995).

2  Data treatment

Classical tidal gravity analysis treats earthquake data as a serious disturbance which has to be 
corrected or removed in preprocessing stage. Moreover after removing outliers the data is 
usually decimated to hourly samples which is common procedure as there are no any signifi-
cant tidal components with periods shorter then few hours. Consecutive we dispose all infor-
mation in periods shorter than few hours.

In order to investigate in frequency band with periods from several minutes to hour we 
took raw data which are recorded every one minute. This data is 400s window length moving 
averaged. Consecutively we refer to this data as filtered data. Before spectral analysis we sub-
tracted solid Earth tides from data. This was done with the previously determined gravimetric 
factors and phases for main tidal constituents (Rajner, 2010). This procedure removes also 
ocean tidal loading. For the pressure correction single admittance factor from tidal analysis (-
3.45 nm·s-2·hPa-1) was used along with local barometric records. 

2.1  Noise level

The Józefosław is located in Warsaw suburb area, near the fast growing settlement. This fact 
is well observed in quality of our records in terms of environmental noise. One could see in 
the spectrogram of gravity residuals (Fig. 1) long-term increase of noise with seasonal fluctu-
ation. Barlik et al. (2010) gave some insight in noise level in Józefosław. They analysed de-
tided and depressured gravity measurements in time-domain. This approach showed signifi-
cant variation of noise in seasonal and daily time scale. The former is probably of geophysi-
cal origin (pelagic storms) and the latter is caused by intensive urbanization. More qualitative 
evaluation of the noise level is shown as power spectral densities (PSD) of whole multi-year 
data set in comparison to New Low Noise Model (NLNM) introduced by Peterson (1993). 
This model reflects the lowest noise from whole network of seismometers and is frequently 
used as reference level in instrument and site dependent noise evaluation. Fig. 2 shows very 
high noise level in data. We do not see any significant improvements in residuals after sub-
tracting synthetic tides and pressure effect (diminishing of diurnal and semidiurnal tidal peaks 
is the only distinct change). This indicate that dominant source of noise in short-period spec-
trum is not connected with atmosphere. On the right graph we show PSD in normal mode 
band from long data set with PSD of one of the quiets day. This huge difference proves that 
this increased noise is due to anthropogenic origin. From comparison of PSD with NLNM 
one can conclude that Józefosław is very noisy site. We should mention that gravimeters, 
when located in quiet sites, are slightly above or even below NLNM, especially in low-fre-
quency normal mode band (Banka and Crossley, 1999; Rosat et al., 2004).

The large noise is the most important delimitation when studying phenomena in subseis-
mic frequency band. Anyway we show in subsequent paragraphs the despite of this disadvan-
tages free oscillation still can be observed above noise floor.

 
Fig. 1. Spectrogram of residuals of gravity measurements. Horizontal axis is time-span of 3.5 years (2006-2010) 
and vertical axis is frequency: 0-8 mHz.

Fig. 2. (a) PSD of filtered gravity results (black) and residuals (de-tided and de-pressured time series, gray). (b) 
Blow-up of left figure with PSD of one very quiet day along NLNM. The free oscillation band is marked with 
horizontal bar.

3 Free oscillations

The main source of excitation of the Earth free oscillation are the strong earthquakes. A few 
examples are given in Fig. 3. During this event we see large amplitude of gravity variation. 
The motion of the Earth can be written as a sum of decaying harmonic (Masters and Widmer, 
1995), 

 
where A,ω,ϕ is amplitude, frequency and phase respectively and Qk is “quality factor” of k-th 
constituent.  This oscillation can be observed with horizontal  and vertical  seismometers as 
well as with gravimeters. The latter is restricted only to spheroidal modes, however toroidal 
ones also can appear in spectral analysis as a consequence of coupling with spheroidal ones, 
especially through Coriolis force. This oscillation can be observed for long time. In very quiet 
sites it is even possible to observe this modes during silent days when there was no source of 
excitation in solid Earth (Suda et al., 1998). This continuous vibration is believed to be of at-
mospheric or oceanic origin. Unfortunately we are unable to observe this so-called “hum” as 
this amplitudes are at nanogal level, much lower that our noise content.

Fig. 3. Raw (top) and filtered (bottom) records of LCR ET26 gravimeter from great earthquakes. Vertical bars 
indicate start of the event. Note different scale on vertical axis.

The quick look at the spectrogram of residuals (see supplementary figures and enhanced on 
line text) shows that earthquakes are easily recognizable in the records. 

Figure 4 shows an example of normal mode registration. The amplitude spectra are 
computed on the basis of almost 40 hours window a few hours after Chilean earthquake in 
2010. All fundamental spheroidal modes are well resolved. We can see even fine structure of 
0S7 mode which is due coupling with nearby modes. We can easily connect every significant 
peak with theoretical prediction. The vertical bars in figures depict frequencies for spheroidal 
modes which were taken from Masters and Widmer (1995) for the PREM model (Dziewońs-
ki and Anderson, 1981). Due to high noise level we are not able to investigate in deviations in 
terms of lateral heterogeneity in mantle or splitting and coupling due to earth flattening and 
rotation (Zürn et al., 2000; Rosat et al., 2007). This example shows even the gravest modes 
like „breathing” and „football” mode (0S0 and 0S2 respectively).

Fig. 4. Amplitude spectra from about 5h to 43h after Chilean (2010) earthquake (black). For comparison there is 
shown a spectra from window of similar length before earthquake which estimate noise level in measurements 
(gray).

3.1  Stacking spectra

Here we present also stacked spectra from several great earthquakes (shown in Fig. 3). The 
following formula was used, 

which yields simple geometrical mean. The amplitude of spectra (A) for specific frequency (f) 
is computed on the basis of n amplitudes from different earthquakes. This method confirms 
that spheroidal modes can be retrieved from our data. Here we also note increased noise be-
low 2 mHz which is due to atmosphere and background noise as well. The stacked spectra are 
shown in Figure 5.

Fig. 5. Amplitude product spectra from selected great earthquakes

The increased noise in low frequencies is attributed to pressure induced gravity change. 
This effect is normally eliminated or reduced with single admittance atmospheric factor (Zürn 
and Widmer, 1995). Unfortunately this is not the case. We do not see any significant im-
provement in this band using atmospheric correction.  We used admittance factor of -3.45 
nm·s-2·hPa-1 which was obtained in previous tidal analysis (Rajner, 2010). Fig. 6 presents low 
frequency amplitude spectra with and without pressure correction. We do not found any sig-
nificant change. Again we suspect the exceptionally high noise. 

 
Fig. 6. Amplitude spectra from Chilean earthquake in low frequency normal mode band. The solid colors show 
results without pressure correction and the dark line shows results for records where atmospheric correction was 
applied. We used the factor -3.45 nm·s-2·hPa-1 from least square tidal analysis.

3.2  Quality factors

The quantitative evaluation of oscillations decaying is given here in terms of quality factor Q. 
We estimated spectra  for single modes with moving window. Afterwards the exponential 
function was fitted and Q factor was estimated. Again this study is limited because modes are 
quickly lost in floor noise. Fig. 7 presents two examples of decaying amplitudes and fitted 
function for two modes. This examples are chosen arbitrarily. One should aware that for other 
modes we did not find such a good results.

 
Fig. 7. Fitted exponential regression function for two modes. The estimated Q value for 0S23 is 293 comparing to 
theoretical value of 259. For 0S16  we found 284 when the expected from Earth model is 325 respectively. Apply-
ing standard pressure correction do not affect results significantly.

4  Conclusion

We confirmed that free modes are evident in  LCR ET record. This small gravity changes 
which has amplitudes at nm·s-2 level are very well resolved. The eigenfrequencies are in good 
agreement with theoretical ones computed on the basis of Earth models. Nevertheless one 
should aware that these single results cannot be fully exploited in terms of knowledge of 
Earth’s interior structure. We shows also that the noise level in Józefosław is very high and is 
the main limitation in precise gravity measurements in normal mode frequency band.

On-line material

For supplementary text with additional colored figures in high resolution, please see the web-
site: www.geo.republika.pl/pub
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observed  (Widmer-Schnidrig,  2003).  Nevertheless  spring  gravimeters  still  can  challenge 
them in subseismic band (Richer et al., 1995).

2  Data treatment

Classical tidal gravity analysis treats earthquake data as a serious disturbance which has to be 
corrected or removed in preprocessing stage. Moreover after removing outliers the data is 
usually decimated to hourly samples which is common procedure as there are no any signifi-
cant tidal components with periods shorter then few hours. Consecutive we dispose all infor-
mation in periods shorter than few hours.

In order to investigate in frequency band with periods from several minutes to hour we 
took raw data which are recorded every one minute. This data is 400s window length moving 
averaged. Consecutively we refer to this data as filtered data. Before spectral analysis we sub-
tracted solid Earth tides from data. This was done with the previously determined gravimetric 
factors and phases for main tidal constituents (Rajner, 2010). This procedure removes also 
ocean tidal loading. For the pressure correction single admittance factor from tidal analysis (-
3.45 nm·s-2·hPa-1) was used along with local barometric records. 

2.1  Noise level

The Józefosław is located in Warsaw suburb area, near the fast growing settlement. This fact 
is well observed in quality of our records in terms of environmental noise. One could see in 
the spectrogram of gravity residuals (Fig. 1) long-term increase of noise with seasonal fluctu-
ation. Barlik et al. (2010) gave some insight in noise level in Józefosław. They analysed de-
tided and depressured gravity measurements in time-domain. This approach showed signifi-
cant variation of noise in seasonal and daily time scale. The former is probably of geophysi-
cal origin (pelagic storms) and the latter is caused by intensive urbanization. More qualitative 
evaluation of the noise level is shown as power spectral densities (PSD) of whole multi-year 
data set in comparison to New Low Noise Model (NLNM) introduced by Peterson (1993). 
This model reflects the lowest noise from whole network of seismometers and is frequently 
used as reference level in instrument and site dependent noise evaluation. Fig. 2 shows very 
high noise level in data. We do not see any significant improvements in residuals after sub-
tracting synthetic tides and pressure effect (diminishing of diurnal and semidiurnal tidal peaks 
is the only distinct change). This indicate that dominant source of noise in short-period spec-
trum is not connected with atmosphere. On the right graph we show PSD in normal mode 
band from long data set with PSD of one of the quiets day. This huge difference proves that 
this increased noise is due to anthropogenic origin. From comparison of PSD with NLNM 
one can conclude that Józefosław is very noisy site. We should mention that gravimeters, 
when located in quiet sites, are slightly above or even below NLNM, especially in low-fre-
quency normal mode band (Banka and Crossley, 1999; Rosat et al., 2004).

The large noise is the most important delimitation when studying phenomena in subseis-
mic frequency band. Anyway we show in subsequent paragraphs the despite of this disadvan-
tages free oscillation still can be observed above noise floor.

 
Fig. 1. Spectrogram of residuals of gravity measurements. Horizontal axis is time-span of 3.5 years (2006-2010) 
and vertical axis is frequency: 0-8 mHz.

Fig. 2. (a) PSD of filtered gravity results (black) and residuals (de-tided and de-pressured time series, gray). (b) 
Blow-up of left figure with PSD of one very quiet day along NLNM. The free oscillation band is marked with 
horizontal bar.

3 Free oscillations

The main source of excitation of the Earth free oscillation are the strong earthquakes. A few 
examples are given in Fig. 3. During this event we see large amplitude of gravity variation. 
The motion of the Earth can be written as a sum of decaying harmonic (Masters and Widmer, 
1995), 

 
where A,ω,ϕ is amplitude, frequency and phase respectively and Qk is “quality factor” of k-th 
constituent.  This oscillation can be observed with horizontal  and vertical  seismometers as 
well as with gravimeters. The latter is restricted only to spheroidal modes, however toroidal 
ones also can appear in spectral analysis as a consequence of coupling with spheroidal ones, 
especially through Coriolis force. This oscillation can be observed for long time. In very quiet 
sites it is even possible to observe this modes during silent days when there was no source of 
excitation in solid Earth (Suda et al., 1998). This continuous vibration is believed to be of at-
mospheric or oceanic origin. Unfortunately we are unable to observe this so-called “hum” as 
this amplitudes are at nanogal level, much lower that our noise content.

Fig. 3. Raw (top) and filtered (bottom) records of LCR ET26 gravimeter from great earthquakes. Vertical bars 
indicate start of the event. Note different scale on vertical axis.

The quick look at the spectrogram of residuals (see supplementary figures and enhanced on 
line text) shows that earthquakes are easily recognizable in the records. 

Figure 4 shows an example of normal mode registration. The amplitude spectra are 
computed on the basis of almost 40 hours window a few hours after Chilean earthquake in 
2010. All fundamental spheroidal modes are well resolved. We can see even fine structure of 
0S7 mode which is due coupling with nearby modes. We can easily connect every significant 
peak with theoretical prediction. The vertical bars in figures depict frequencies for spheroidal 
modes which were taken from Masters and Widmer (1995) for the PREM model (Dziewońs-
ki and Anderson, 1981). Due to high noise level we are not able to investigate in deviations in 
terms of lateral heterogeneity in mantle or splitting and coupling due to earth flattening and 
rotation (Zürn et al., 2000; Rosat et al., 2007). This example shows even the gravest modes 
like „breathing” and „football” mode (0S0 and 0S2 respectively).

Fig. 4. Amplitude spectra from about 5h to 43h after Chilean (2010) earthquake (black). For comparison there is 
shown a spectra from window of similar length before earthquake which estimate noise level in measurements 
(gray).

3.1  Stacking spectra

Here we present also stacked spectra from several great earthquakes (shown in Fig. 3). The 
following formula was used, 

which yields simple geometrical mean. The amplitude of spectra (A) for specific frequency (f) 
is computed on the basis of n amplitudes from different earthquakes. This method confirms 
that spheroidal modes can be retrieved from our data. Here we also note increased noise be-
low 2 mHz which is due to atmosphere and background noise as well. The stacked spectra are 
shown in Figure 5.

Fig. 5. Amplitude product spectra from selected great earthquakes

The increased noise in low frequencies is attributed to pressure induced gravity change. 
This effect is normally eliminated or reduced with single admittance atmospheric factor (Zürn 
and Widmer, 1995). Unfortunately this is not the case. We do not see any significant im-
provement in this band using atmospheric correction.  We used admittance factor of -3.45 
nm·s-2·hPa-1 which was obtained in previous tidal analysis (Rajner, 2010). Fig. 6 presents low 
frequency amplitude spectra with and without pressure correction. We do not found any sig-
nificant change. Again we suspect the exceptionally high noise. 

 
Fig. 6. Amplitude spectra from Chilean earthquake in low frequency normal mode band. The solid colors show 
results without pressure correction and the dark line shows results for records where atmospheric correction was 
applied. We used the factor -3.45 nm·s-2·hPa-1 from least square tidal analysis.

3.2  Quality factors

The quantitative evaluation of oscillations decaying is given here in terms of quality factor Q. 
We estimated spectra  for single modes with moving window. Afterwards the exponential 
function was fitted and Q factor was estimated. Again this study is limited because modes are 
quickly lost in floor noise. Fig. 7 presents two examples of decaying amplitudes and fitted 
function for two modes. This examples are chosen arbitrarily. One should aware that for other 
modes we did not find such a good results.

 
Fig. 7. Fitted exponential regression function for two modes. The estimated Q value for 0S23 is 293 comparing to 
theoretical value of 259. For 0S16  we found 284 when the expected from Earth model is 325 respectively. Apply-
ing standard pressure correction do not affect results significantly.

4  Conclusion

We confirmed that free modes are evident in  LCR ET record. This small gravity changes 
which has amplitudes at nm·s-2 level are very well resolved. The eigenfrequencies are in good 
agreement with theoretical ones computed on the basis of Earth models. Nevertheless one 
should aware that these single results cannot be fully exploited in terms of knowledge of 
Earth’s interior structure. We shows also that the noise level in Józefosław is very high and is 
the main limitation in precise gravity measurements in normal mode frequency band.

On-line material

For supplementary text with additional colored figures in high resolution, please see the web-
site: www.geo.republika.pl/pub
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Introduction

JÓZEFOSŁAW

Józefos law Observatory is
located in central Poland,
25 km south from the center
of Warsaw in the suburb area.

LC&R Earth Tide no. 26
spring gravimeter
with electrostatic feedback,
additional pressure
measurements.

Data

Raw data hereafter means 1 min sampled data from gravimeter

Filtered data means moving average with 400 s length

Noise
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Figure: (a) shows raw (orange) and filtered (red-orange) records. (b) detided and de-pressured series. (c) comparison of
different days. Green is very noisy day and green is one of the quiets days. Dark green and blue are filtered while light
colors are raw records. (d) is comparison of noise during day (7-15 UTC, light blue) and night (21-5 UTC, dark blue).
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Figure: Time derivative of raw (top figure) and filtered (bottom figure) gravity residuals (tides, ocean loading and
pressure effects removed)
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Figure: Raw (top) and filtered (bottom) records of LCR ET26 gravimeter from great earthquakes. Vertical bars indicate start of the event. Note different scale on vertical axis.

Spectrogram

Figure: Multi-year spectrogram of
filtered 1min sampled data. Vertical
axis range is from 0 to 8 mHz.
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Figure: Spectrograms for selected great earthquakes. Note different color scale on each figure.
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Figure: Amplitude spectra from about 5h to 43h after Chilean (2010) earthquake (top) and product spectra of four great earthquakes (bottom). For comparison there is shown a spectra from window
of 48 length before earthquake (top, red-orange).
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Figure: Amplitude spectra from Chilean earthquake in low frequency normal
mode band. The solid colors show results without pressure correction and the
dark line shows results for records where atmospheric correction was applied.
We used the factor of −3.5 nm · s−2, the result from least square tidal analysis.
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Figure: Fitted exponential regression function for two modes. The estimated Q
value for 0S23 is 293 comparing to theoretical value of 259. For 0S16 we found
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Conclusion

Despite of high background noise we
confirmed the usefulness of LCR ET
spring gravimeters in normal mode
studies

Quality factors are in agreement with
previous studies and Earth models
predictions

Atmospheric correction do not improve
results in our study due to poor noise
condition

Other localization need to be consider
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Table: Tidal analysis results (diurnal band)

NC PC PC+OTLC

f [◦/h] Ath [ nm
s2

] δ mδ ϕ [◦] mϕ [◦] δ mδ ϕ [◦] mϕ [◦] δ ϕ

Q1 13.399 57.7 1.1477 0.0017 -0.0870 0.0840 1.1481 0.0008 -0.0660 0.0410 1.1546 0.0085

O1 13.943 301.3 1.1504 0.0003 0.0720 0.0160 1.1504 0.0002 0.0930 0.0080 1.1541 -0.0498

M1 14.497 23.7 1.1423 0.0042 0.1280 0.2120 1.1519 0.0021 0.1120 0.1040 1.1531 -0.0803

π1 14.918 8.2 1.1436 0.0116 0.3290 0.5800 1.1632 0.0058 -0.0420 0.2860 1.1628 -0.1637

P1 14.959 140.2 1.1487 0.0007 0.2350 0.0340 1.1483 0.0003 0.1100 0.0170 1.1478 0.0068

S1 15.000 3.3 1.0835 0.0364 -11.8850 1.9270 1.1767 0.0201 -6.4250 0.9750 1.1763 -6.5248

K1 15.041 423.6 1.1360 0.0002 0.1330 0.0100 1.1359 0.0001 0.0950 0.0050 1.1352 -0.0001

ψ1 15.082 3.3 1.2799 0.0258 2.1780 1.1550 1.2682 0.0134 2.2900 0.6060 1.2673 2.2255

ϕ1 15.123 6.0 1.1746 0.0159 -0.4040 0.7780 1.1704 0.0080 -0.9310 0.3940 1.1694 -0.9899

J1 15.585 23.7 1.1584 0.0029 0.0040 0.1450 1.1573 0.0014 0.0330 0.0720 1.1550 0.2339

OO1 16.139 13.0 1.1521 0.0039 -0.3670 0.1960 1.1520 0.0020 0.0110 0.0980 1.1485 0.6568
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Figure: Comparison of gravimetric factors for diurnal tidal waves. The
results when no correction (NC), pressure correction (PC) and ocean tidal
loading correction (OTLC) was applied are shown along with theoretical
models of Dehant, Defraigne, Wahr (DDW) and Matthews (MAT).

Pressure correction
(PC) with empirical
admittance factor of
−3.5 nm · s−2 · hPa−1
and ocean tidal
loading (OTLC)
was performed
using most recent
ocean models

Józefosław
Observatory
is located in
suburb area
of Warsaw

3.5 years (2007-
2010) of continuous
gravity mea-
surements with
LaCoste&Romberg
spring gravimeter
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δ̃(σ) = δ0 +
Ã
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Figure: Comparison of FCN period determination from different studies

Table: Comparison of FCN period determination using different strategies

T [SD] Ar [·104 h · deg−1] T [SD] Ar [·104 h · deg−1]

Solution M1, π1, K1, ψ1, ϕ1, J1 M1, π1, P1, K1, ψ1, ϕ1, J1

NC 408.3 (396.5 – 420.9) 5.47 (±0.20) 412.0 (391.5 – 434.7) 5.40 (±0.32)

PC 413.2 (402.0 – 425.0) 5.45 (±0.17) 418.0 (397.1 – 441.3) 5.37 (±0.31)

OTLC 423.2 (407.0 – 440.7) 6.87 (±0.30) 421.4 (407.0 – 436.8) 6.90 (±0.27)

PC+OTLC 430.2 (421.4 – 439.5) 6.80 (±0.15) 426.0 (414.1 – 438.6) 6.88 (±0.21)

Solution K1, ψ1, ϕ1 P1, K1, ψ1, ϕ1

NC 408.5 (401.7 – 415.5) 5.47 (±0.11) 412.3 (385.8 – 442.6) 5.39 (±0.42)

PC 413.2 (407.9 – 418.7) 5.45 (±0.08) 418.1 (390.8 – 449.6) 5.37 (±0.41)

OTLC 423.4 (419.9 – 426.9) 6.86 (±0.06) 421.5 (412.9 – 430.5) 6.90 (±0.16)

PC+OTLC 430.0 (429.8 – 430.2) 6.80 (±0.00) 425.8 (410.6 – 442.2) 6.88 (±0.27)
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Jakie informacje zawierają ciągłe
pomiary grawimetryczne?
Pomiary
W obserwatorium w Józefosławiu prowadzone są ciągłe pomiary 
zmian natężenia siły ciężkości. Do tego celu używany jest grawimetr 
sprężynowy LaCoste&Romberg model Earth Tide no. 26, który jest 
dedykowany do stacjonarnych obserwacji pływowych. Wyniki tych 
pomiarów znajdują się na załączonych rysunkach. Wyraźnie 
zaznaczone są krzywe pływowe, które powodują zmiany 
przyspieszenia siły ciężkości nawet 200 μGal (1μGal=10 nm/s ). 
Obserwujemy również zmiany wiekowe i sezonowe, które są 
wynikiem dryftu, czyli efekt instrumentalny. Dolny rysunek pokazuje 
więcej szczegółów, w krótszym oknie obserwacyjnym.
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Współczynniki
grawimetryczne
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Co więcej grawimetr sprężynowy może służyć jako długookresowy 
sejsmograf (tylko składowa pionowa). Poniżej znajduje się kilka 
przykładów obserwacji trzęsień Ziemi.

Pł
grawitacyjnego Księżyca, Słońca oraz planet przedstawia się jako 
sumę składników harmonicznych, czyli tzw. fal pływowych. Na 
podstawie obserwacji grawimetrycznych można określać parametry 
grawimetryczne głównych fal pływowych, które określają w jaki 
sposób reaguje Ziemia deformowalna w stosunku do sztywnego 
modelu Ziemi. Współczynnik grawimetryczny (kombinacja liczb 
Love’a) oraz opóźnienia fazowe obserwowanego sygnału 
grawimetrycznego pozwala na wyciąganie wniosków co do 
właściwości reologicznych Ziemi. Wszelkie odstępstwa od 
globalnych parametrów pływowych mogą świadczyć o regionalnych 
odstępstwach od jednorodnie uwarstwionych modeli Ziemi. Poniżej 
znajduje się współczynniki grawimetryczne wyznaczone dla 
wybranych fal pływowych.

yw teoretyczny, czyli różnicowe efekty oddziaływania 

Wpływ atmosfery
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Atmosfera jest największym po pływach ziemskich, źródłem zmian 
przyspieszenia siły ciężkości. Badanie tego efektu możliwe jest 
dzięki równoległym pomiarom przyspieszenia siły ciężkości i 
zmianom ciśnienia atmosferycznego. Zwyczajowo wpływ atmosfery 
określa się jednym współczynnikiem, który dla Józefosławia wynosi 

2-3.45 nm/s /hPa. Pozorona prostota redukcji tego efektu nie 
odzwierciedla skomplikowanej dwoistej i przeciwstawnej natury 
tego zjawiska: wzrost ciśnienia powoduje zwiększeni masy nad 
stanowiskiem, a tym samym ,,newtonowskie’’ zmniejszenie 

2obserwowanej siły ciężkości  (ok. -4nm/s /hPa), towarzyszy jednak 
temu wzrostowi mas ugięcie skorupy ziemskie, zmiana wysokości 
instrumentu, a tym samym zwiększenie mierzonej siły ciężkości 

2(ok.1 nm/s /hPa). Interesujące są sezonowe zmiany współczynnika 
wpływu atmosfery wskazujące na termiczną zmianę wysokości 
środka ciężkości warstwy atmosfery w ciągu roku.
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Aktywność ludzka 
i urbanizacja
Ciekawym, choć z punktu widzenia badań geodynamicznych 
niekorzystnym zjawiskiem, jest możliwość obserwacji aktywności 
życia mieszkańców okolic obserwatorium oraz natężenia ruchu na 
okolicznych ulicach. Bardzo wysoki poziom szumu jest la naszych 
badań ogromnym problemem. Jako ciekawostkę pokazujemy 
pierwszą pochodną residuów obserwacyjnych (tj. po odjęciu 
pływów, efektu atmosferycznego i pływowych obciążeń 
oceanicznych), z zaznaczonymi tygodniami tj. niedzielną północ. Na 
załączonym rysunku pokazany jest również dzień powszedni 
(czwartek) z bardzo niskim poziomem szumu - efekt święta Bożego 
Ciała. Górny i dolny wykres oznaczają surowe i filtrowane dane.
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Wpływ oceanów
Mimo, że Józefosław nie leży nad oceanem obserwacje 
grawimetryczne pozwalają na ,,śledzenie’’ pływów oceanicznych na 
północnym Atlantyku i morzu północnym. Dzieje się tak gdyż zmiany 
rozkładu mas oceanicznych powodują deformacje skorupy 
ziemskiej nawet w miejscach odległych o setki kilometrów. Te 
deformacje powodują okresowe (identyczne częstotliwości jak 
pływy ziemskie) zmiany obserwowanej  siły ciężkości (poniżej 
μGal). Te efekty morzemy mierzyć, czego dowodem jest poniższy 
rysunek przedstawiający rezydulane wartości przyspieszenia siły 
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Sejsmologia też?

2009 01 03 - Papua Nowa Gwinea - M 7.6, M 7.4 2009 01 15 - Wyspy Kurylskie - M 7.4 2009 03 19 - Tonga - M 7.6

2009 04 06 - Środkowe Włochy - M 6.3 2009 07 15 - Nowa Zelandia - M 7.8 2009 08 10 - Andamany - M 7.5

2009 09 29 - Samoa - M 8.1 2009 09 30 - Sumatra - M 7.5 

Grawimetr sprężynowy pozwala również na obserwacje 
swobodnych oscylacji Ziemi. Są to zjawiska ,,drgania’’ Ziemi na 
skutek silnych trzęsień (jak drgający dzwon), a badania tych zjawisk 
zwiększają naszą wiedze dotyczącą wewnętrznej struktury Naszej 
Planety. Poniżej przykład takich rejestracji fundamentalnych 
częstoliwości sferoidalnych.
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Ciekłe jądro?
Co ma wspólnego struktura zewnętrznego jądra z pomiarami siły 
ciężkości na powierzchni Ziemi? Cóż, nadzwyczaj ciekawym 
zjawiskiem jest rezonans współczynników grawimetrycznych, 
których częstotliwości bliskie są częstotliwości tzw. swobodnej 
nutacji jądra. To zjawisko wynika z tego faktu, że oś obrotu ciekłego 
jądra nie pokrywa się z osią obrotu Ziemi. Poniższy rysunek 

Rysunki zaprezentowane na tym plakacie pochodzą z różnych publikacji
i raportów, których kopie znajdą Państwo na stronie 
Zapraszamy!

www.geo.republika.pl/pub

Więcej?
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Abstract: The paper deals with large-scale crustal deformation due to hydrological surface
loads and its influence on seasonal variation of GPS estimated heights. The research was
concentrated on the area of Poland. The deformation caused by continental water storage
has been computed on the basis of WaterGAP Hydrological Model data by applying convo-
lution of water masses with appropriate Green’s function. Obtained site displacements were
compared with height changes estimated from GPS observations using the Precise Point
Positioning (PPP) method. Long time series of the solutions for 4 stations were used for
evaluation of surface loading phenomena. Good agreement both in amplitude and phase was
found, however some discrepancies remain which are assigned to single point positioning
technique deficiencies. Annual repeatability of water cycle and demanding procedure for
computing site displacements for each site, allowed to develop a simple model for Poland
which could be applied to remove (or highly reduce) seasonal hydrological signal from time
series of GPS solutions.
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1. Introduction

At the present level of space and satellite geodetic techniques accuracy the Earth can-
not be regarded as rigid body. Temporal deformations on large scale are mainly due to
tectonic movements, Earth tides, tidal and non-tidal ocean height changes, atmospheric
and hydrological surface loading. The effects are changes of co-ordinates in terrestrial
reference frame which often can be predicted accurately (e.g. Earth tides, tectonic
movements, tidal ocean loading) and are usually implemented in GPS processing pac-
kages. Deformations caused by atmospheric and hydrological loading are currently not
taken into account in GPS data analysis. Those displacements can be computed on the
basis of pressure field (van Dam and Wahr, 1987, 1998; Sun et al., 1995) and water
storage assessment (van Dam et al., 2001). Presented in the paper deformations due to
continental water storage for the territory of Poland were computed and compared with
height changes obtained from GPS observations for selected permanent sites. Section 2
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presents computation of loading effect and hydrology data used in this study. It has also
been indicated that consideration of global data set is indispensable. Section 3 gives
summary of GPS processing strategy, while comparison of modelled and observed
deformation is given in section 4. The last section is devoted to the development of
a simple, hydrology induced, deformation model for the territory of Poland, based on
observed annual harmonic repeatability of this phenomena in the considered area.

2. Crust deformation due to continental water storage

Hydrology deformation was computed on the basis of World GAP Hydrology Model
(Döll et al., 2003; Güntner et al., 2007). This model contains an assessment of all
kinds of water in the hydrosphere, i.e. the sum of canopy, snow, soil-water, surface
water (rivers, lakes, wetlands, inundation areas). It provides global coverage with spatial
resolution of 0.5◦ in latitude and longitude in monthly intervals. Among different global
hydrology models this one has the advantage that it includes groundwater component.
Deformation L was computed with the use of equation

L(r) = ρ

"
Earth

G(|r − r′|) · H(r′) · dA (1)

where ρ is a density of water, G is the integrated Green’s function given by Farrell
(1972) for PREM Earth Model, H is a height of equivalent of water and dA is an
elementary surface. The analytic expression (1) which describes convolution of lo-
ading mass with Green’s function was for computing purpose replaced by numerical
integration. Figure 1 presents the example of modelled range of height changes due
to water loading in Europe in 2002. These values confirm that hydrological loading
cannot be neglected in precise positioning.

It should be mentioned that deformations caused by continental water storage
are large scale effects. Computation cannot rely on local or regional water storage.
The height changes during two years (2002-2003) were computed taking into account
area of variable size. Figure 2a shows that realistic deformations due to hydrological
loading can be obtained only when considering area of thousands of kilometres away
from station. An example of the impact of using different distances in the Green’s
function on site displacement results for JOZE GNSS permanent station in Poland is
presented in Figure 2b.

3. GPS measurement results

Four permanent Polish GNSS stations with long time series, namely Borowa Gora
(BOGO), Borowiec (BOR1), Jozefoslaw (JOZE) and Lamkowko (LAMA) were chosen
for the analysis (Fig. 3).
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Fig. 1. Range of height changes due to hydrological loading in Europe in 2002

Fig. 2. Height changes range dependent on computation area (a) and modelled height variation for
Jozefoslaw station depending on the area taken for computation in 2002-2003 (b)
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Fig. 3. Location of GPS stations considered

Fig. 4. Height change caused by surface hydrological loading for EPN/IGS sites in 2002
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Figure 4 presents annual variation of height due to continental water storage for
selected stations relative to 250 worldwide permanent GNSS sites operating within
the International GNSS Service (IGS) or EUREF Permanent Network (EPN), ordered
according to increasing height change. This graph presents only the range of annual
variations of heights. This shows that water storage induced deformation in Poland are
quite distinctive.

3.1. GPS data processing

GPS data from 10 years from 4 Polish stations listed in previous section (Fig. 3) were
processed. Processing was conducted using the Precise Point Positioning (PPP) method
as it is free of network constraints and expresses position purely relative to the geo-
centre. Consistent IGS products from first IGS Data Reprocessing Campaign (repro1)
were used for data analysis. IGS Data Reprocessing Campaign aims at reanalysing of
all GPS data collected by IGS since 1994 in a fully consistent way, using latest models
and methodology.

GPS data in 24-hour blocks were processed using the Bernese GPS Software v.5.0
(Dach et al., 2007) with 3o elevation angle mask for observations. Tropospheric zenith
delay was estimated every 1h with New Mapping Function (Niell, 1996). Ambigu-
ities were estimated as real parameters. The atmospheric loading corrections were not
applied.

4. Comparison of results

Figure 5 shows an overall good agreement for modelled and observed height changes.
The scatter of daily PPP estimates is at the centimetre level but seasonal trend is clearly
visible and is emphasized with fitted smooth Bézier curve. Some discrepancies between
results can be observed. They can be explained by other geophysical loadings, e.g. due
to pressure and non-tidal ocean level changes. Semi-annual period in time-series of
height changes observed for each station investigated may be explained by GPS tech-
nique errors (orbit mismodelling, aliasing problem, etc) but still is not well understood
(Penna and Stewart, 2003; Ray et al., 2007).

The fit in Figure 5 is also confirmed in terms of statistics. Evaluated standard
deviation is only slightly smaller for corrected smoothed time series with modelled
deformation (3.7 mm, 4.0 mm, 3.3 mm, 5.2 mm) than the one computed for smoothed
time series itself (4.4 mm, 4.8 mm, 3.7 mm, 6.1 mm) for BOGO, BOR1 JOZE, and
LAMA, respectively. This test is not well suited for this comparison due to high noise
in GPS results. More convincing are correlation coefficients for smoothed GPS results
with modelled deformation which reach as much as 0.6 for BOGO, BOR1 and JOZE,
and 0.5 for LAMA site.
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Fig. 5. Comparison of height residuals. Daily and smoothed estimation of heights from GPS
measurements are compared with computed crustal deformation. Outliers were rejected, time series was

detrended and centred
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5. Simple deformational model

The amplitude and phase of surface deformation due to continental water storage in
consecutive years repeats in very similar manner, despite of possible large changes of
height of the equivalent of water between years. This characteristics allowed to model
computed vertical displacements by using simple periodic function, given by equation

∆H = A · cos(ω · t − ϕ) (2)

where A is the amplitude, φ is the phase and t is time. The period in angular frequency
ω was forced to be equal to one year (365.25 solar days). Figure 6 presents time series
of height changes due to continental water loading during eleven years and fitted cosine
function. The differences yield significant reduction of seasonal signal with the use of
this simple two-parameters function.

Fig. 6. Height changes due to continental water storage for Jozefoslaw

In the same manner those parameters were computed for dense grid (0.5◦ re-
solution, both in latitude and longitude) for the territory of Poland. The graphical
presentation of amplitudes and phases (where phase is given as day of year of maxi-
mum height, i.e. smallest storage of water in autumn) is given in Figures 7a and 7b.
Smooth change in the amplitude from 4.4 mm in south-west Poland up to 5.4 mm in
north-east corner of Poland can be observed. This reflects high variation of seasonal
water storage in north-eastern Europe. It should be pointed out that the ocean cells on
the west do not affect modelled loading. The phases reflect meteorological phenomena.
There is a distinct change in temperature in different places in Poland (again along
NE-SW line). The warm season occurs faster in Lower Silesia, thus the driest moment
is observed there earlier as well.

The usefulness of the model developed is confirmed in terms of reduction of
maximum height range computed for mentioned 11 years interval. Figure 8a presents
modelled height range computed on the basis of WGHM output while Figure 8b shows
the range of height change after applying simple two-parameters model. The reduction
of height variation is clear. The developed simple cosine model for the territory of
Poland could be used for subtracting major part of hydrological signal from GPS
height time series.
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Fig. 7. Distribution of amplitudes [mm] (a) and phases [days of year] (b) for cosine model fitted in
modelled deformation in 1997-2007 period

Fig. 8. Range of height change for deformations from WGHM model (a) and reduced with fitted cosine
model (b) in 1997-2007
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1. Introduction

At the present level of space and satellite geodetic techniques accuracy the Earth can-
not be regarded as rigid body. Temporal deformations on large scale are mainly due to
tectonic movements, Earth tides, tidal and non-tidal ocean height changes, atmospheric
and hydrological surface loading. The effects are changes of co-ordinates in terrestrial
reference frame which often can be predicted accurately (e.g. Earth tides, tectonic
movements, tidal ocean loading) and are usually implemented in GPS processing pac-
kages. Deformations caused by atmospheric and hydrological loading are currently not
taken into account in GPS data analysis. Those displacements can be computed on the
basis of pressure field (van Dam and Wahr, 1987, 1998; Sun et al., 1995) and water
storage assessment (van Dam et al., 2001). Presented in the paper deformations due to
continental water storage for the territory of Poland were computed and compared with
height changes obtained from GPS observations for selected permanent sites. Section 2
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presents computation of loading effect and hydrology data used in this study. It has also
been indicated that consideration of global data set is indispensable. Section 3 gives
summary of GPS processing strategy, while comparison of modelled and observed
deformation is given in section 4. The last section is devoted to the development of
a simple, hydrology induced, deformation model for the territory of Poland, based on
observed annual harmonic repeatability of this phenomena in the considered area.

2. Crust deformation due to continental water storage

Hydrology deformation was computed on the basis of World GAP Hydrology Model
(Döll et al., 2003; Güntner et al., 2007). This model contains an assessment of all
kinds of water in the hydrosphere, i.e. the sum of canopy, snow, soil-water, surface
water (rivers, lakes, wetlands, inundation areas). It provides global coverage with spatial
resolution of 0.5◦ in latitude and longitude in monthly intervals. Among different global
hydrology models this one has the advantage that it includes groundwater component.
Deformation L was computed with the use of equation

L(r) = ρ

"
Earth

G(|r − r′|) · H(r′) · dA (1)

where ρ is a density of water, G is the integrated Green’s function given by Farrell
(1972) for PREM Earth Model, H is a height of equivalent of water and dA is an
elementary surface. The analytic expression (1) which describes convolution of lo-
ading mass with Green’s function was for computing purpose replaced by numerical
integration. Figure 1 presents the example of modelled range of height changes due
to water loading in Europe in 2002. These values confirm that hydrological loading
cannot be neglected in precise positioning.

It should be mentioned that deformations caused by continental water storage
are large scale effects. Computation cannot rely on local or regional water storage.
The height changes during two years (2002-2003) were computed taking into account
area of variable size. Figure 2a shows that realistic deformations due to hydrological
loading can be obtained only when considering area of thousands of kilometres away
from station. An example of the impact of using different distances in the Green’s
function on site displacement results for JOZE GNSS permanent station in Poland is
presented in Figure 2b.

3. GPS measurement results

Four permanent Polish GNSS stations with long time series, namely Borowa Gora
(BOGO), Borowiec (BOR1), Jozefoslaw (JOZE) and Lamkowko (LAMA) were chosen
for the analysis (Fig. 3).
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Fig. 1. Range of height changes due to hydrological loading in Europe in 2002

Fig. 2. Height changes range dependent on computation area (a) and modelled height variation for
Jozefoslaw station depending on the area taken for computation in 2002-2003 (b)
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Fig. 3. Location of GPS stations considered

Fig. 4. Height change caused by surface hydrological loading for EPN/IGS sites in 2002
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Figure 4 presents annual variation of height due to continental water storage for
selected stations relative to 250 worldwide permanent GNSS sites operating within
the International GNSS Service (IGS) or EUREF Permanent Network (EPN), ordered
according to increasing height change. This graph presents only the range of annual
variations of heights. This shows that water storage induced deformation in Poland are
quite distinctive.

3.1. GPS data processing

GPS data from 10 years from 4 Polish stations listed in previous section (Fig. 3) were
processed. Processing was conducted using the Precise Point Positioning (PPP) method
as it is free of network constraints and expresses position purely relative to the geo-
centre. Consistent IGS products from first IGS Data Reprocessing Campaign (repro1)
were used for data analysis. IGS Data Reprocessing Campaign aims at reanalysing of
all GPS data collected by IGS since 1994 in a fully consistent way, using latest models
and methodology.

GPS data in 24-hour blocks were processed using the Bernese GPS Software v.5.0
(Dach et al., 2007) with 3o elevation angle mask for observations. Tropospheric zenith
delay was estimated every 1h with New Mapping Function (Niell, 1996). Ambigu-
ities were estimated as real parameters. The atmospheric loading corrections were not
applied.

4. Comparison of results

Figure 5 shows an overall good agreement for modelled and observed height changes.
The scatter of daily PPP estimates is at the centimetre level but seasonal trend is clearly
visible and is emphasized with fitted smooth Bézier curve. Some discrepancies between
results can be observed. They can be explained by other geophysical loadings, e.g. due
to pressure and non-tidal ocean level changes. Semi-annual period in time-series of
height changes observed for each station investigated may be explained by GPS tech-
nique errors (orbit mismodelling, aliasing problem, etc) but still is not well understood
(Penna and Stewart, 2003; Ray et al., 2007).

The fit in Figure 5 is also confirmed in terms of statistics. Evaluated standard
deviation is only slightly smaller for corrected smoothed time series with modelled
deformation (3.7 mm, 4.0 mm, 3.3 mm, 5.2 mm) than the one computed for smoothed
time series itself (4.4 mm, 4.8 mm, 3.7 mm, 6.1 mm) for BOGO, BOR1 JOZE, and
LAMA, respectively. This test is not well suited for this comparison due to high noise
in GPS results. More convincing are correlation coefficients for smoothed GPS results
with modelled deformation which reach as much as 0.6 for BOGO, BOR1 and JOZE,
and 0.5 for LAMA site.
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Fig. 5. Comparison of height residuals. Daily and smoothed estimation of heights from GPS
measurements are compared with computed crustal deformation. Outliers were rejected, time series was

detrended and centred
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5. Simple deformational model

The amplitude and phase of surface deformation due to continental water storage in
consecutive years repeats in very similar manner, despite of possible large changes of
height of the equivalent of water between years. This characteristics allowed to model
computed vertical displacements by using simple periodic function, given by equation

∆H = A · cos(ω · t − ϕ) (2)

where A is the amplitude, φ is the phase and t is time. The period in angular frequency
ω was forced to be equal to one year (365.25 solar days). Figure 6 presents time series
of height changes due to continental water loading during eleven years and fitted cosine
function. The differences yield significant reduction of seasonal signal with the use of
this simple two-parameters function.

Fig. 6. Height changes due to continental water storage for Jozefoslaw

In the same manner those parameters were computed for dense grid (0.5◦ re-
solution, both in latitude and longitude) for the territory of Poland. The graphical
presentation of amplitudes and phases (where phase is given as day of year of maxi-
mum height, i.e. smallest storage of water in autumn) is given in Figures 7a and 7b.
Smooth change in the amplitude from 4.4 mm in south-west Poland up to 5.4 mm in
north-east corner of Poland can be observed. This reflects high variation of seasonal
water storage in north-eastern Europe. It should be pointed out that the ocean cells on
the west do not affect modelled loading. The phases reflect meteorological phenomena.
There is a distinct change in temperature in different places in Poland (again along
NE-SW line). The warm season occurs faster in Lower Silesia, thus the driest moment
is observed there earlier as well.

The usefulness of the model developed is confirmed in terms of reduction of
maximum height range computed for mentioned 11 years interval. Figure 8a presents
modelled height range computed on the basis of WGHM output while Figure 8b shows
the range of height change after applying simple two-parameters model. The reduction
of height variation is clear. The developed simple cosine model for the territory of
Poland could be used for subtracting major part of hydrological signal from GPS
height time series.
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Fig. 7. Distribution of amplitudes [mm] (a) and phases [days of year] (b) for cosine model fitted in
modelled deformation in 1997-2007 period

Fig. 8. Range of height change for deformations from WGHM model (a) and reduced with fitted cosine
model (b) in 1997-2007
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has been computed on the basis of WaterGAP Hydrological Model data by applying convo-
lution of water masses with appropriate Green’s function. Obtained site displacements were
compared with height changes estimated from GPS observations using the Precise Point
Positioning (PPP) method. Long time series of the solutions for 4 stations were used for
evaluation of surface loading phenomena. Good agreement both in amplitude and phase was
found, however some discrepancies remain which are assigned to single point positioning
technique deficiencies. Annual repeatability of water cycle and demanding procedure for
computing site displacements for each site, allowed to develop a simple model for Poland
which could be applied to remove (or highly reduce) seasonal hydrological signal from time
series of GPS solutions.
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1. Introduction

At the present level of space and satellite geodetic techniques accuracy the Earth can-
not be regarded as rigid body. Temporal deformations on large scale are mainly due to
tectonic movements, Earth tides, tidal and non-tidal ocean height changes, atmospheric
and hydrological surface loading. The effects are changes of co-ordinates in terrestrial
reference frame which often can be predicted accurately (e.g. Earth tides, tectonic
movements, tidal ocean loading) and are usually implemented in GPS processing pac-
kages. Deformations caused by atmospheric and hydrological loading are currently not
taken into account in GPS data analysis. Those displacements can be computed on the
basis of pressure field (van Dam and Wahr, 1987, 1998; Sun et al., 1995) and water
storage assessment (van Dam et al., 2001). Presented in the paper deformations due to
continental water storage for the territory of Poland were computed and compared with
height changes obtained from GPS observations for selected permanent sites. Section 2
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presents computation of loading effect and hydrology data used in this study. It has also
been indicated that consideration of global data set is indispensable. Section 3 gives
summary of GPS processing strategy, while comparison of modelled and observed
deformation is given in section 4. The last section is devoted to the development of
a simple, hydrology induced, deformation model for the territory of Poland, based on
observed annual harmonic repeatability of this phenomena in the considered area.

2. Crust deformation due to continental water storage

Hydrology deformation was computed on the basis of World GAP Hydrology Model
(Döll et al., 2003; Güntner et al., 2007). This model contains an assessment of all
kinds of water in the hydrosphere, i.e. the sum of canopy, snow, soil-water, surface
water (rivers, lakes, wetlands, inundation areas). It provides global coverage with spatial
resolution of 0.5◦ in latitude and longitude in monthly intervals. Among different global
hydrology models this one has the advantage that it includes groundwater component.
Deformation L was computed with the use of equation

L(r) = ρ

"
Earth

G(|r − r′|) · H(r′) · dA (1)

where ρ is a density of water, G is the integrated Green’s function given by Farrell
(1972) for PREM Earth Model, H is a height of equivalent of water and dA is an
elementary surface. The analytic expression (1) which describes convolution of lo-
ading mass with Green’s function was for computing purpose replaced by numerical
integration. Figure 1 presents the example of modelled range of height changes due
to water loading in Europe in 2002. These values confirm that hydrological loading
cannot be neglected in precise positioning.

It should be mentioned that deformations caused by continental water storage
are large scale effects. Computation cannot rely on local or regional water storage.
The height changes during two years (2002-2003) were computed taking into account
area of variable size. Figure 2a shows that realistic deformations due to hydrological
loading can be obtained only when considering area of thousands of kilometres away
from station. An example of the impact of using different distances in the Green’s
function on site displacement results for JOZE GNSS permanent station in Poland is
presented in Figure 2b.

3. GPS measurement results

Four permanent Polish GNSS stations with long time series, namely Borowa Gora
(BOGO), Borowiec (BOR1), Jozefoslaw (JOZE) and Lamkowko (LAMA) were chosen
for the analysis (Fig. 3).
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Fig. 1. Range of height changes due to hydrological loading in Europe in 2002

Fig. 2. Height changes range dependent on computation area (a) and modelled height variation for
Jozefoslaw station depending on the area taken for computation in 2002-2003 (b)
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Fig. 3. Location of GPS stations considered

Fig. 4. Height change caused by surface hydrological loading for EPN/IGS sites in 2002
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Figure 4 presents annual variation of height due to continental water storage for
selected stations relative to 250 worldwide permanent GNSS sites operating within
the International GNSS Service (IGS) or EUREF Permanent Network (EPN), ordered
according to increasing height change. This graph presents only the range of annual
variations of heights. This shows that water storage induced deformation in Poland are
quite distinctive.

3.1. GPS data processing

GPS data from 10 years from 4 Polish stations listed in previous section (Fig. 3) were
processed. Processing was conducted using the Precise Point Positioning (PPP) method
as it is free of network constraints and expresses position purely relative to the geo-
centre. Consistent IGS products from first IGS Data Reprocessing Campaign (repro1)
were used for data analysis. IGS Data Reprocessing Campaign aims at reanalysing of
all GPS data collected by IGS since 1994 in a fully consistent way, using latest models
and methodology.

GPS data in 24-hour blocks were processed using the Bernese GPS Software v.5.0
(Dach et al., 2007) with 3o elevation angle mask for observations. Tropospheric zenith
delay was estimated every 1h with New Mapping Function (Niell, 1996). Ambigu-
ities were estimated as real parameters. The atmospheric loading corrections were not
applied.

4. Comparison of results

Figure 5 shows an overall good agreement for modelled and observed height changes.
The scatter of daily PPP estimates is at the centimetre level but seasonal trend is clearly
visible and is emphasized with fitted smooth Bézier curve. Some discrepancies between
results can be observed. They can be explained by other geophysical loadings, e.g. due
to pressure and non-tidal ocean level changes. Semi-annual period in time-series of
height changes observed for each station investigated may be explained by GPS tech-
nique errors (orbit mismodelling, aliasing problem, etc) but still is not well understood
(Penna and Stewart, 2003; Ray et al., 2007).

The fit in Figure 5 is also confirmed in terms of statistics. Evaluated standard
deviation is only slightly smaller for corrected smoothed time series with modelled
deformation (3.7 mm, 4.0 mm, 3.3 mm, 5.2 mm) than the one computed for smoothed
time series itself (4.4 mm, 4.8 mm, 3.7 mm, 6.1 mm) for BOGO, BOR1 JOZE, and
LAMA, respectively. This test is not well suited for this comparison due to high noise
in GPS results. More convincing are correlation coefficients for smoothed GPS results
with modelled deformation which reach as much as 0.6 for BOGO, BOR1 and JOZE,
and 0.5 for LAMA site.
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Fig. 5. Comparison of height residuals. Daily and smoothed estimation of heights from GPS
measurements are compared with computed crustal deformation. Outliers were rejected, time series was

detrended and centred
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5. Simple deformational model

The amplitude and phase of surface deformation due to continental water storage in
consecutive years repeats in very similar manner, despite of possible large changes of
height of the equivalent of water between years. This characteristics allowed to model
computed vertical displacements by using simple periodic function, given by equation

∆H = A · cos(ω · t − ϕ) (2)

where A is the amplitude, φ is the phase and t is time. The period in angular frequency
ω was forced to be equal to one year (365.25 solar days). Figure 6 presents time series
of height changes due to continental water loading during eleven years and fitted cosine
function. The differences yield significant reduction of seasonal signal with the use of
this simple two-parameters function.

Fig. 6. Height changes due to continental water storage for Jozefoslaw

In the same manner those parameters were computed for dense grid (0.5◦ re-
solution, both in latitude and longitude) for the territory of Poland. The graphical
presentation of amplitudes and phases (where phase is given as day of year of maxi-
mum height, i.e. smallest storage of water in autumn) is given in Figures 7a and 7b.
Smooth change in the amplitude from 4.4 mm in south-west Poland up to 5.4 mm in
north-east corner of Poland can be observed. This reflects high variation of seasonal
water storage in north-eastern Europe. It should be pointed out that the ocean cells on
the west do not affect modelled loading. The phases reflect meteorological phenomena.
There is a distinct change in temperature in different places in Poland (again along
NE-SW line). The warm season occurs faster in Lower Silesia, thus the driest moment
is observed there earlier as well.

The usefulness of the model developed is confirmed in terms of reduction of
maximum height range computed for mentioned 11 years interval. Figure 8a presents
modelled height range computed on the basis of WGHM output while Figure 8b shows
the range of height change after applying simple two-parameters model. The reduction
of height variation is clear. The developed simple cosine model for the territory of
Poland could be used for subtracting major part of hydrological signal from GPS
height time series.
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Fig. 7. Distribution of amplitudes [mm] (a) and phases [days of year] (b) for cosine model fitted in
modelled deformation in 1997-2007 period

Fig. 8. Range of height change for deformations from WGHM model (a) and reduced with fitted cosine
model (b) in 1997-2007
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has been computed on the basis of WaterGAP Hydrological Model data by applying convo-
lution of water masses with appropriate Green’s function. Obtained site displacements were
compared with height changes estimated from GPS observations using the Precise Point
Positioning (PPP) method. Long time series of the solutions for 4 stations were used for
evaluation of surface loading phenomena. Good agreement both in amplitude and phase was
found, however some discrepancies remain which are assigned to single point positioning
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computing site displacements for each site, allowed to develop a simple model for Poland
which could be applied to remove (or highly reduce) seasonal hydrological signal from time
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1. Introduction

At the present level of space and satellite geodetic techniques accuracy the Earth can-
not be regarded as rigid body. Temporal deformations on large scale are mainly due to
tectonic movements, Earth tides, tidal and non-tidal ocean height changes, atmospheric
and hydrological surface loading. The effects are changes of co-ordinates in terrestrial
reference frame which often can be predicted accurately (e.g. Earth tides, tectonic
movements, tidal ocean loading) and are usually implemented in GPS processing pac-
kages. Deformations caused by atmospheric and hydrological loading are currently not
taken into account in GPS data analysis. Those displacements can be computed on the
basis of pressure field (van Dam and Wahr, 1987, 1998; Sun et al., 1995) and water
storage assessment (van Dam et al., 2001). Presented in the paper deformations due to
continental water storage for the territory of Poland were computed and compared with
height changes obtained from GPS observations for selected permanent sites. Section 2
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presents computation of loading effect and hydrology data used in this study. It has also
been indicated that consideration of global data set is indispensable. Section 3 gives
summary of GPS processing strategy, while comparison of modelled and observed
deformation is given in section 4. The last section is devoted to the development of
a simple, hydrology induced, deformation model for the territory of Poland, based on
observed annual harmonic repeatability of this phenomena in the considered area.

2. Crust deformation due to continental water storage

Hydrology deformation was computed on the basis of World GAP Hydrology Model
(Döll et al., 2003; Güntner et al., 2007). This model contains an assessment of all
kinds of water in the hydrosphere, i.e. the sum of canopy, snow, soil-water, surface
water (rivers, lakes, wetlands, inundation areas). It provides global coverage with spatial
resolution of 0.5◦ in latitude and longitude in monthly intervals. Among different global
hydrology models this one has the advantage that it includes groundwater component.
Deformation L was computed with the use of equation

L(r) = ρ

"
Earth

G(|r − r′|) · H(r′) · dA (1)

where ρ is a density of water, G is the integrated Green’s function given by Farrell
(1972) for PREM Earth Model, H is a height of equivalent of water and dA is an
elementary surface. The analytic expression (1) which describes convolution of lo-
ading mass with Green’s function was for computing purpose replaced by numerical
integration. Figure 1 presents the example of modelled range of height changes due
to water loading in Europe in 2002. These values confirm that hydrological loading
cannot be neglected in precise positioning.

It should be mentioned that deformations caused by continental water storage
are large scale effects. Computation cannot rely on local or regional water storage.
The height changes during two years (2002-2003) were computed taking into account
area of variable size. Figure 2a shows that realistic deformations due to hydrological
loading can be obtained only when considering area of thousands of kilometres away
from station. An example of the impact of using different distances in the Green’s
function on site displacement results for JOZE GNSS permanent station in Poland is
presented in Figure 2b.

3. GPS measurement results

Four permanent Polish GNSS stations with long time series, namely Borowa Gora
(BOGO), Borowiec (BOR1), Jozefoslaw (JOZE) and Lamkowko (LAMA) were chosen
for the analysis (Fig. 3).
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Fig. 1. Range of height changes due to hydrological loading in Europe in 2002

Fig. 2. Height changes range dependent on computation area (a) and modelled height variation for
Jozefoslaw station depending on the area taken for computation in 2002-2003 (b)
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Fig. 3. Location of GPS stations considered

Fig. 4. Height change caused by surface hydrological loading for EPN/IGS sites in 2002
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Figure 4 presents annual variation of height due to continental water storage for
selected stations relative to 250 worldwide permanent GNSS sites operating within
the International GNSS Service (IGS) or EUREF Permanent Network (EPN), ordered
according to increasing height change. This graph presents only the range of annual
variations of heights. This shows that water storage induced deformation in Poland are
quite distinctive.

3.1. GPS data processing

GPS data from 10 years from 4 Polish stations listed in previous section (Fig. 3) were
processed. Processing was conducted using the Precise Point Positioning (PPP) method
as it is free of network constraints and expresses position purely relative to the geo-
centre. Consistent IGS products from first IGS Data Reprocessing Campaign (repro1)
were used for data analysis. IGS Data Reprocessing Campaign aims at reanalysing of
all GPS data collected by IGS since 1994 in a fully consistent way, using latest models
and methodology.

GPS data in 24-hour blocks were processed using the Bernese GPS Software v.5.0
(Dach et al., 2007) with 3o elevation angle mask for observations. Tropospheric zenith
delay was estimated every 1h with New Mapping Function (Niell, 1996). Ambigu-
ities were estimated as real parameters. The atmospheric loading corrections were not
applied.

4. Comparison of results

Figure 5 shows an overall good agreement for modelled and observed height changes.
The scatter of daily PPP estimates is at the centimetre level but seasonal trend is clearly
visible and is emphasized with fitted smooth Bézier curve. Some discrepancies between
results can be observed. They can be explained by other geophysical loadings, e.g. due
to pressure and non-tidal ocean level changes. Semi-annual period in time-series of
height changes observed for each station investigated may be explained by GPS tech-
nique errors (orbit mismodelling, aliasing problem, etc) but still is not well understood
(Penna and Stewart, 2003; Ray et al., 2007).

The fit in Figure 5 is also confirmed in terms of statistics. Evaluated standard
deviation is only slightly smaller for corrected smoothed time series with modelled
deformation (3.7 mm, 4.0 mm, 3.3 mm, 5.2 mm) than the one computed for smoothed
time series itself (4.4 mm, 4.8 mm, 3.7 mm, 6.1 mm) for BOGO, BOR1 JOZE, and
LAMA, respectively. This test is not well suited for this comparison due to high noise
in GPS results. More convincing are correlation coefficients for smoothed GPS results
with modelled deformation which reach as much as 0.6 for BOGO, BOR1 and JOZE,
and 0.5 for LAMA site.
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Fig. 5. Comparison of height residuals. Daily and smoothed estimation of heights from GPS
measurements are compared with computed crustal deformation. Outliers were rejected, time series was

detrended and centred
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5. Simple deformational model

The amplitude and phase of surface deformation due to continental water storage in
consecutive years repeats in very similar manner, despite of possible large changes of
height of the equivalent of water between years. This characteristics allowed to model
computed vertical displacements by using simple periodic function, given by equation

∆H = A · cos(ω · t − ϕ) (2)

where A is the amplitude, φ is the phase and t is time. The period in angular frequency
ω was forced to be equal to one year (365.25 solar days). Figure 6 presents time series
of height changes due to continental water loading during eleven years and fitted cosine
function. The differences yield significant reduction of seasonal signal with the use of
this simple two-parameters function.

Fig. 6. Height changes due to continental water storage for Jozefoslaw

In the same manner those parameters were computed for dense grid (0.5◦ re-
solution, both in latitude and longitude) for the territory of Poland. The graphical
presentation of amplitudes and phases (where phase is given as day of year of maxi-
mum height, i.e. smallest storage of water in autumn) is given in Figures 7a and 7b.
Smooth change in the amplitude from 4.4 mm in south-west Poland up to 5.4 mm in
north-east corner of Poland can be observed. This reflects high variation of seasonal
water storage in north-eastern Europe. It should be pointed out that the ocean cells on
the west do not affect modelled loading. The phases reflect meteorological phenomena.
There is a distinct change in temperature in different places in Poland (again along
NE-SW line). The warm season occurs faster in Lower Silesia, thus the driest moment
is observed there earlier as well.

The usefulness of the model developed is confirmed in terms of reduction of
maximum height range computed for mentioned 11 years interval. Figure 8a presents
modelled height range computed on the basis of WGHM output while Figure 8b shows
the range of height change after applying simple two-parameters model. The reduction
of height variation is clear. The developed simple cosine model for the territory of
Poland could be used for subtracting major part of hydrological signal from GPS
height time series.
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Fig. 7. Distribution of amplitudes [mm] (a) and phases [days of year] (b) for cosine model fitted in
modelled deformation in 1997-2007 period

Fig. 8. Range of height change for deformations from WGHM model (a) and reduced with fitted cosine
model (b) in 1997-2007
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Abstract. We evaluate usefulness of regional solu-
tion in terms of studies of large scale geodynamic
phenomena. For this purpose a few GNSS sites
in Poland with long history of measurements were
selected. Co-ordinate time series were taken from
homogeneously reprocessed global network within
International Global Navigation Satellite Systems
(GNSS) Service (IGS) “repro1” project and from
our own regional processing – Warsaw University
of Technology (WUT) Local Analysis Center (LAC)
contribution to European Permanent Network (EPN)
“repro1”. This results were compared with modelled
crustal deformation due to continental hydrology load-
ing. The hydrology mass variation were taken from
Gravity Recovery and Climate Experiment (GRACE)
satellite data assessment and WaterGAP Hydrology
Model (WGHM) output. For completeness of com-
parison we took Atmospheric Loading (ATML) into
account to give an illustration of importance of this
phenomena on seasonal signal for considered sites.

We found good agreement of observed and mod-
elled variation for vertical component. The hydrology
loading explain main source of seasonal height vari-
ation of GNSS sites in Poland which can reach as
much as 1 cm peak to peak. The interpretation for
horizontal component variation is ambiguous.

The regional and global solution show good agree-
ment for site co-ordinate time series if homogeneous
global products were taken in regional network pro-
cessing. Some discrepancies shown here favor global
solution as a source of more reliable information
when global scale effects are considered. Never-
theless our solution are rather consistent with IGS
results indicating great potential of regional networks
in terms of global geodynamic effects investigation.

Keywords. GNSS time series, Regional Solution,
WUT LAC, GRACE, WGHM

1 Introduction

With Global Navigation Satellite Systems (GNSS)
measurements we are able to observe subtle geody-
namic processes. Among different phenomena load-
ing effects are subject of ongoing discussion whether
the conventional models should be included in rou-
tine processing scheme (Petit and Luzum, 2010). The
most pronounced loading effects are those of atmo-
spheric (van Dam et al., 1994; Dong et al., 2002;
Petrov and Boy, 2004; Dach et al., 2011) and hydro-
logic origin (van Dam et al., 2001; Fritsche et al.,
2011; Rajner et al., 2011). We give here a comparison
of modelled seasonal crustal deformation due to con-
tinental hydrology loading computed on the basis of
Gravity Recovery and Climate Experiment (GRACE)
(Tapley et al., 2004) satellite data and WaterGAP Hy-
drology Model (WGHM) (Döll et al., 2003; Güntner
et al., 2007) output. To get a proper conclusion the
Atmospheric Loading (ATML) was considered as
well.

In order to investigate in such small signal and
get correct interpretation it is common to use global
solution. In this work we compared regional network
time series with global ones and obtained comparable
results. The exceptional discrepancies on the other
hand can be crucial. This problem still need for more
comprehensive elaboration.

2 Data

2.1 GNSS

We consider here International GNSS Service (IGS)
“repro1” weekly solution (Dow et al., 2009)(herein
referred as global solution) and the results of War-
saw University of Technology (WUT) Local Analysis
Center (LAC) reprocessed regional European Perma-
nent Network (EPN) (Bruyninx, 2004) subnetwork of
60 sites within “repro1” project (Volksen, 2009)(re-
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Fig. 1. Selected GNSS sites

ferred as regional solution). The Bernese GNSS
software was used along with IGS “repro1” products.
The processing details can be found in Liwosz et al.
(2010).

We selected five permanent GNSS stations in
Poland (Fig. 1) according to their long observation
period and availability of results within IGS “repro1”
and WUT LAC “repro1” projects. Site co-ordinates
were transformed to topocentric reference frame, out-
liers were removed and trend was subtracted. For
better comparison the smoothing procedure was ap-
plied using simple smoothing window with length of
60 days.

2.2 Loading

Hydrological loading was computed using Green’s
function formalism (Farrell, 1972). The continental
water masses distribution were taken from Groupe
de Recherche en Géodésie Spatiale (GRGS) solution
(Lemoine et al., 2007) and WGHM. This computation
follows scheme given in Rajner et al. (2011).

The Petrov and Boy (2004) model of ATML was
used in this study to show its importance for site
position in seasonal time scale. Note that ATML
is removed in processing of GRACE data to avoid
aliasing effects (Lemoine et al., 2007). Therefore
GRACE observes mainly hydrology mass transport
when a few years time scale is considered and re-
moved ATML from GNSS time series seems to be
proper way when such comparison is performed.
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Fig. 2. North, east and vertical component of GNSS
solution (from IGS, gray dots) and smoothed time series
(gray line, see text) along with modelled deformation from
GRACE and WGHM for Lamkówko site (LAMA). The
black solid line indicate smooth GNSS solution with
ATML subtracted. Note different scale for horizontal and
vertical components.

3 GNSS results vs modelled hydrology
loading

The one example of comparison of GNSS time series
with modelled hydrology deformations for north, east
and vertical component are presented in Fig. 2.

The seasonal variation of height is well explained
by hydrology loading (with some obvious exceptions

Table 1. Correlation of GNSS results between IGS and
WUT solutions for north (n), east (e) and vertical (u)
component

BOR1 JOZ2
n e u n e u

0.20 0.69 0.73 0.18 0.40 0.73

JOZE LAMA
n e u n e u

0.41 0.63 0.68 0.53 0.83 0.62

due to local effects or processing imperfection). The
WGHM gives slightly overestimated results. The
good agreement in phase shows typical behaviour of
maximum load in spring and the rebound during late
summer and early autumn. For horizontal component
the interpretation is ambiguous. Moreover we observe
different pattern of deformation from GRACE and
WGHM model. The periods with reasonable agree-
ment of GNSS results with modelled deformation
as well as disagreement period (even with opposite
phase) can be recognized. This problem was already
reported before (Tregoning et al., 2009) but remains
unexplained. The example of LAMA shown in Fig. 2
is representative for other considered sites. We refer
to Rajner et al. (2011) for the quantitative evaluation
of similar comparison using more sites.

4 Comparison of regional with global
time series

In this section we look into similarities of time series
between regional and global signals. The regional
solution is belived to be not suitable for geodynamic
studies. GNSS time series are usually slightly differ-
ent for global and regional networks.

Fig. 3 shows an example of IGS and WUT LAC
results for Borowiec (BOR1) site (the modelled defor-
mation are shown for completeness). Quick look give
an impression that this time series are similar but
detailed inspection reveal some crucial differences.

In Table 1 we present the correlation coefficients
of IGS and WUT solution for topocentric component
for different sites (Borowa Góra was excluded due to
problematic results in both solution). These results
lead to conclusion that investigating in global scale
geodynamic process is possible with regional solu-
tion but possible misinterpretation should be kept in
mind. This problem still need to be carried out more
comprehensively in future.

5 Conclusion

In the previous section we showed that the hydrology
loading is the main source of seasonal height vari-
ation. Modelled deformation on the basis of water
mass distribution and crust properties explain well
GNSS results. Discrepancies for horizontal compo-
nents still wait for reasonable explanation, however
this ones are of much smaller amplitudes. Presented
regional time series for Polish sites possess compara-
ble geophysical signal in height component as global
IGS results.
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Abstract. We evaluate usefulness of regional solu-
tion in terms of studies of large scale geodynamic
phenomena. For this purpose a few GNSS sites
in Poland with long history of measurements were
selected. Co-ordinate time series were taken from
homogeneously reprocessed global network within
International Global Navigation Satellite Systems
(GNSS) Service (IGS) “repro1” project and from
our own regional processing – Warsaw University
of Technology (WUT) Local Analysis Center (LAC)
contribution to European Permanent Network (EPN)
“repro1”. This results were compared with modelled
crustal deformation due to continental hydrology load-
ing. The hydrology mass variation were taken from
Gravity Recovery and Climate Experiment (GRACE)
satellite data assessment and WaterGAP Hydrology
Model (WGHM) output. For completeness of com-
parison we took Atmospheric Loading (ATML) into
account to give an illustration of importance of this
phenomena on seasonal signal for considered sites.

We found good agreement of observed and mod-
elled variation for vertical component. The hydrology
loading explain main source of seasonal height vari-
ation of GNSS sites in Poland which can reach as
much as 1 cm peak to peak. The interpretation for
horizontal component variation is ambiguous.

The regional and global solution show good agree-
ment for site co-ordinate time series if homogeneous
global products were taken in regional network pro-
cessing. Some discrepancies shown here favor global
solution as a source of more reliable information
when global scale effects are considered. Never-
theless our solution are rather consistent with IGS
results indicating great potential of regional networks
in terms of global geodynamic effects investigation.

Keywords. GNSS time series, Regional Solution,
WUT LAC, GRACE, WGHM

1 Introduction

With Global Navigation Satellite Systems (GNSS)
measurements we are able to observe subtle geody-
namic processes. Among different phenomena load-
ing effects are subject of ongoing discussion whether
the conventional models should be included in rou-
tine processing scheme (Petit and Luzum, 2010). The
most pronounced loading effects are those of atmo-
spheric (van Dam et al., 1994; Dong et al., 2002;
Petrov and Boy, 2004; Dach et al., 2011) and hydro-
logic origin (van Dam et al., 2001; Fritsche et al.,
2011; Rajner et al., 2011). We give here a comparison
of modelled seasonal crustal deformation due to con-
tinental hydrology loading computed on the basis of
Gravity Recovery and Climate Experiment (GRACE)
(Tapley et al., 2004) satellite data and WaterGAP Hy-
drology Model (WGHM) (Döll et al., 2003; Güntner
et al., 2007) output. To get a proper conclusion the
Atmospheric Loading (ATML) was considered as
well.

In order to investigate in such small signal and
get correct interpretation it is common to use global
solution. In this work we compared regional network
time series with global ones and obtained comparable
results. The exceptional discrepancies on the other
hand can be crucial. This problem still need for more
comprehensive elaboration.

2 Data

2.1 GNSS

We consider here International GNSS Service (IGS)
“repro1” weekly solution (Dow et al., 2009)(herein
referred as global solution) and the results of War-
saw University of Technology (WUT) Local Analysis
Center (LAC) reprocessed regional European Perma-
nent Network (EPN) (Bruyninx, 2004) subnetwork of
60 sites within “repro1” project (Volksen, 2009)(re-
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Fig. 1. Selected GNSS sites

ferred as regional solution). The Bernese GNSS
software was used along with IGS “repro1” products.
The processing details can be found in Liwosz et al.
(2010).

We selected five permanent GNSS stations in
Poland (Fig. 1) according to their long observation
period and availability of results within IGS “repro1”
and WUT LAC “repro1” projects. Site co-ordinates
were transformed to topocentric reference frame, out-
liers were removed and trend was subtracted. For
better comparison the smoothing procedure was ap-
plied using simple smoothing window with length of
60 days.

2.2 Loading

Hydrological loading was computed using Green’s
function formalism (Farrell, 1972). The continental
water masses distribution were taken from Groupe
de Recherche en Géodésie Spatiale (GRGS) solution
(Lemoine et al., 2007) and WGHM. This computation
follows scheme given in Rajner et al. (2011).

The Petrov and Boy (2004) model of ATML was
used in this study to show its importance for site
position in seasonal time scale. Note that ATML
is removed in processing of GRACE data to avoid
aliasing effects (Lemoine et al., 2007). Therefore
GRACE observes mainly hydrology mass transport
when a few years time scale is considered and re-
moved ATML from GNSS time series seems to be
proper way when such comparison is performed.
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Fig. 2. North, east and vertical component of GNSS
solution (from IGS, gray dots) and smoothed time series
(gray line, see text) along with modelled deformation from
GRACE and WGHM for Lamkówko site (LAMA). The
black solid line indicate smooth GNSS solution with
ATML subtracted. Note different scale for horizontal and
vertical components.

3 GNSS results vs modelled hydrology
loading

The one example of comparison of GNSS time series
with modelled hydrology deformations for north, east
and vertical component are presented in Fig. 2.

The seasonal variation of height is well explained
by hydrology loading (with some obvious exceptions

Table 1. Correlation of GNSS results between IGS and
WUT solutions for north (n), east (e) and vertical (u)
component

BOR1 JOZ2
n e u n e u

0.20 0.69 0.73 0.18 0.40 0.73

JOZE LAMA
n e u n e u

0.41 0.63 0.68 0.53 0.83 0.62

due to local effects or processing imperfection). The
WGHM gives slightly overestimated results. The
good agreement in phase shows typical behaviour of
maximum load in spring and the rebound during late
summer and early autumn. For horizontal component
the interpretation is ambiguous. Moreover we observe
different pattern of deformation from GRACE and
WGHM model. The periods with reasonable agree-
ment of GNSS results with modelled deformation
as well as disagreement period (even with opposite
phase) can be recognized. This problem was already
reported before (Tregoning et al., 2009) but remains
unexplained. The example of LAMA shown in Fig. 2
is representative for other considered sites. We refer
to Rajner et al. (2011) for the quantitative evaluation
of similar comparison using more sites.

4 Comparison of regional with global
time series

In this section we look into similarities of time series
between regional and global signals. The regional
solution is belived to be not suitable for geodynamic
studies. GNSS time series are usually slightly differ-
ent for global and regional networks.

Fig. 3 shows an example of IGS and WUT LAC
results for Borowiec (BOR1) site (the modelled defor-
mation are shown for completeness). Quick look give
an impression that this time series are similar but
detailed inspection reveal some crucial differences.

In Table 1 we present the correlation coefficients
of IGS and WUT solution for topocentric component
for different sites (Borowa Góra was excluded due to
problematic results in both solution). These results
lead to conclusion that investigating in global scale
geodynamic process is possible with regional solu-
tion but possible misinterpretation should be kept in
mind. This problem still need to be carried out more
comprehensively in future.

5 Conclusion

In the previous section we showed that the hydrology
loading is the main source of seasonal height vari-
ation. Modelled deformation on the basis of water
mass distribution and crust properties explain well
GNSS results. Discrepancies for horizontal compo-
nents still wait for reasonable explanation, however
this ones are of much smaller amplitudes. Presented
regional time series for Polish sites possess compara-
ble geophysical signal in height component as global
IGS results.
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Fritsche, M., P. Döll and R. Dietrich (2011). Global-
scale validation of model-based load deformation of
the Earth’s crust from continental watermass and at-
mospheric pressure variations using GPS, Journal of
Geodynamics, in press, doi:10.1016/j.jog.2011.04.001.
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Abstract. We evaluate usefulness of regional solu-
tion in terms of studies of large scale geodynamic
phenomena. For this purpose a few GNSS sites
in Poland with long history of measurements were
selected. Co-ordinate time series were taken from
homogeneously reprocessed global network within
International Global Navigation Satellite Systems
(GNSS) Service (IGS) “repro1” project and from
our own regional processing – Warsaw University
of Technology (WUT) Local Analysis Center (LAC)
contribution to European Permanent Network (EPN)
“repro1”. This results were compared with modelled
crustal deformation due to continental hydrology load-
ing. The hydrology mass variation were taken from
Gravity Recovery and Climate Experiment (GRACE)
satellite data assessment and WaterGAP Hydrology
Model (WGHM) output. For completeness of com-
parison we took Atmospheric Loading (ATML) into
account to give an illustration of importance of this
phenomena on seasonal signal for considered sites.

We found good agreement of observed and mod-
elled variation for vertical component. The hydrology
loading explain main source of seasonal height vari-
ation of GNSS sites in Poland which can reach as
much as 1 cm peak to peak. The interpretation for
horizontal component variation is ambiguous.

The regional and global solution show good agree-
ment for site co-ordinate time series if homogeneous
global products were taken in regional network pro-
cessing. Some discrepancies shown here favor global
solution as a source of more reliable information
when global scale effects are considered. Never-
theless our solution are rather consistent with IGS
results indicating great potential of regional networks
in terms of global geodynamic effects investigation.

Keywords. GNSS time series, Regional Solution,
WUT LAC, GRACE, WGHM

1 Introduction

With Global Navigation Satellite Systems (GNSS)
measurements we are able to observe subtle geody-
namic processes. Among different phenomena load-
ing effects are subject of ongoing discussion whether
the conventional models should be included in rou-
tine processing scheme (Petit and Luzum, 2010). The
most pronounced loading effects are those of atmo-
spheric (van Dam et al., 1994; Dong et al., 2002;
Petrov and Boy, 2004; Dach et al., 2011) and hydro-
logic origin (van Dam et al., 2001; Fritsche et al.,
2011; Rajner et al., 2011). We give here a comparison
of modelled seasonal crustal deformation due to con-
tinental hydrology loading computed on the basis of
Gravity Recovery and Climate Experiment (GRACE)
(Tapley et al., 2004) satellite data and WaterGAP Hy-
drology Model (WGHM) (Döll et al., 2003; Güntner
et al., 2007) output. To get a proper conclusion the
Atmospheric Loading (ATML) was considered as
well.

In order to investigate in such small signal and
get correct interpretation it is common to use global
solution. In this work we compared regional network
time series with global ones and obtained comparable
results. The exceptional discrepancies on the other
hand can be crucial. This problem still need for more
comprehensive elaboration.

2 Data

2.1 GNSS

We consider here International GNSS Service (IGS)
“repro1” weekly solution (Dow et al., 2009)(herein
referred as global solution) and the results of War-
saw University of Technology (WUT) Local Analysis
Center (LAC) reprocessed regional European Perma-
nent Network (EPN) (Bruyninx, 2004) subnetwork of
60 sites within “repro1” project (Volksen, 2009)(re-
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Fig. 1. Selected GNSS sites

ferred as regional solution). The Bernese GNSS
software was used along with IGS “repro1” products.
The processing details can be found in Liwosz et al.
(2010).

We selected five permanent GNSS stations in
Poland (Fig. 1) according to their long observation
period and availability of results within IGS “repro1”
and WUT LAC “repro1” projects. Site co-ordinates
were transformed to topocentric reference frame, out-
liers were removed and trend was subtracted. For
better comparison the smoothing procedure was ap-
plied using simple smoothing window with length of
60 days.

2.2 Loading

Hydrological loading was computed using Green’s
function formalism (Farrell, 1972). The continental
water masses distribution were taken from Groupe
de Recherche en Géodésie Spatiale (GRGS) solution
(Lemoine et al., 2007) and WGHM. This computation
follows scheme given in Rajner et al. (2011).

The Petrov and Boy (2004) model of ATML was
used in this study to show its importance for site
position in seasonal time scale. Note that ATML
is removed in processing of GRACE data to avoid
aliasing effects (Lemoine et al., 2007). Therefore
GRACE observes mainly hydrology mass transport
when a few years time scale is considered and re-
moved ATML from GNSS time series seems to be
proper way when such comparison is performed.
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Fig. 2. North, east and vertical component of GNSS
solution (from IGS, gray dots) and smoothed time series
(gray line, see text) along with modelled deformation from
GRACE and WGHM for Lamkówko site (LAMA). The
black solid line indicate smooth GNSS solution with
ATML subtracted. Note different scale for horizontal and
vertical components.

3 GNSS results vs modelled hydrology
loading

The one example of comparison of GNSS time series
with modelled hydrology deformations for north, east
and vertical component are presented in Fig. 2.

The seasonal variation of height is well explained
by hydrology loading (with some obvious exceptions

Table 1. Correlation of GNSS results between IGS and
WUT solutions for north (n), east (e) and vertical (u)
component

BOR1 JOZ2
n e u n e u

0.20 0.69 0.73 0.18 0.40 0.73

JOZE LAMA
n e u n e u

0.41 0.63 0.68 0.53 0.83 0.62

due to local effects or processing imperfection). The
WGHM gives slightly overestimated results. The
good agreement in phase shows typical behaviour of
maximum load in spring and the rebound during late
summer and early autumn. For horizontal component
the interpretation is ambiguous. Moreover we observe
different pattern of deformation from GRACE and
WGHM model. The periods with reasonable agree-
ment of GNSS results with modelled deformation
as well as disagreement period (even with opposite
phase) can be recognized. This problem was already
reported before (Tregoning et al., 2009) but remains
unexplained. The example of LAMA shown in Fig. 2
is representative for other considered sites. We refer
to Rajner et al. (2011) for the quantitative evaluation
of similar comparison using more sites.

4 Comparison of regional with global
time series

In this section we look into similarities of time series
between regional and global signals. The regional
solution is belived to be not suitable for geodynamic
studies. GNSS time series are usually slightly differ-
ent for global and regional networks.

Fig. 3 shows an example of IGS and WUT LAC
results for Borowiec (BOR1) site (the modelled defor-
mation are shown for completeness). Quick look give
an impression that this time series are similar but
detailed inspection reveal some crucial differences.

In Table 1 we present the correlation coefficients
of IGS and WUT solution for topocentric component
for different sites (Borowa Góra was excluded due to
problematic results in both solution). These results
lead to conclusion that investigating in global scale
geodynamic process is possible with regional solu-
tion but possible misinterpretation should be kept in
mind. This problem still need to be carried out more
comprehensively in future.

5 Conclusion

In the previous section we showed that the hydrology
loading is the main source of seasonal height vari-
ation. Modelled deformation on the basis of water
mass distribution and crust properties explain well
GNSS results. Discrepancies for horizontal compo-
nents still wait for reasonable explanation, however
this ones are of much smaller amplitudes. Presented
regional time series for Polish sites possess compara-
ble geophysical signal in height component as global
IGS results.

Acknowledgments. The data and product from IGS
were indispensable. A. Güntner is acknowledged for
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Döll, P., F. Kaspar and B. Lehner (2003). A global hydro-
logical model for deriving water availability indicators:
model tuning and validation, Journal of Hydrology, 270,
pp. 105–134.

Dong, D., P. Fang, Y. Bock, M. Cheng and S. Miyazaju
(2002). Anatomy of apparent seasonal variations from
GPS-derived site position time series, Geophysical Re-
search Letters, 107, doi:10.1029/2001JB000573.

Dow, J. M., R. E. Neilan and C. Rizos (2009). The Interna-
tional GNSS Service in a changing landscape of Global
Navigation Satellite Systems, Journal of Geodesy, 83,
p. 191–198, doi:10.1007/s00190-008-0300-3.

Farrell, W. E. (1972). Deformation of the Earth by surface
loads, Rev. Geophys. and Space Phys., 10, pp. 761–797.
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Abstract
In 2010 the flood took place in Poland territory. At that time we have observed a jump in time series of height compo-
nent for two EPN Polish stations KRAW and KRA1 (Cracow), obtained from our regular analysis of GPS observations
of the regional network. In this poster we present in addition results of Polish Permanent Network (ASG-EUPOS).
We have performed GPS data analysis of the denser network of Polish permanent stations in 6 hour sessions to ob-
tain higher temporal and spatial resolution. We also modeled deformation caused by continental water storage using
GLDAS hydrology model performing convolution of water masses with appropriate Green’s function. Deformations
computed from hydrological model also reveal disturbance in height component but the amplitude is smaller.

Deformation caused by continental water storage
Hydrological loading was computed using Green’s function formalism (Farrell, 1972). The loading mass were con-
volved with expressing crust properties Green’s function.Water mass variation were obtained using GLDAS (Global
Land Data Assimilation System, Rodell, 2004) NOAH product.The Total Water Equivalent stemmed from integration
of water content in soil moisture (4 vertical layers) and snow accumulation. This model has spatial resolution of 0.25
deg and 3 hour temporal resolution. This model is constructed for whole Earth excluding South areas of latitudes grater
than 60◦S.
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Figure 1: Deformations obtained from GLDAS data (a) day before the flood (b) day of maximum deformation (May
19, 2010) (c) difference of these (a) and (b)
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Figure below shows the changing level of water in Vistula river in Cracow during the flood in Southern Poland in
May 2010.
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Figure 3: The level of water in Vistula river in Cracow in May 2010 (unofficial data). Red line indicates thealarm
level. Stations KRAW and KRA1 are within 1 km from the river

GPS Data Processing Results

Regional Network Solution
Warsaw University of Technology is one of 17 EPN Local Analysis Centre. We routinely process an EPN subnetwork
which consists of 80 stations. We process GNSS data using Bernese GNSS Software version 5.0 (Dach et al., 2007).
Data are analyzed according to EPN LAC Guidelines (AC Guidelines, 2009). The map of the network is shown below.

Local Network Solution
We have processed also GPS data from a Polish permanent network – ASG-EUPOS. Data has been processed in daily
as well as hourly intervals (with ambiguity fixing). Hourly solutions has been then stacked to form 6 hour solutions
with 1 hour sliding window.
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Figure 4: Location maps of analyzed GPS networks
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Figure 5: Time series for KRAW station. Shaded region indicates approximate period of the flood in Southern Poland.
Green line represents deformations computed from GLDAS data.
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Figure 6: Time series for KRA1 station. KRA1 station is located on the same building as KRAW stations 3 meters
apart. Shaded region indicates approximate period of the flood in Southern Poland. Green line represents

deformations computed from GLDAS data
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Figure 7: Time series for KROS (Krosno) station. Shaded region indicates approximate period of the flood in
Southern Poland. Green line represents deformations computed from GLDAS data
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Figure 8: 6 hour time series for KRAW and KRA1 stations (3 meters apart). Shaded region indicates approximate
period of the flood in Southern Poland. Green line representsdeformations computed from GLDAS data

Summary
Poster presents comparison of results obtained from GPS data processing and deformations computed from GLDAS
data aiming at detection of site dicplacements caused by theflood in 2010 in Southern Poland.

We have observed height displacements for KRA1, KRAW and KROS stations in daily time series which can be
attributed to the flood. Deformations computed from GLDAS data reveal height disturbances for period of interest,
however the amplitude is much smaller.

We cannot observe reliable displacements in 6 h results because of more noisy results. We have not removed from
the results other geophysical sources causing site displacements (not modeled in GPS data analysis) e.g. atmosperic
loading effect (which can reach several mm in horizontal and∼2 cm in up component).
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Introduction
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Selected stations

EPN/IGS station
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Figure 1: Map of contemporary GNSS sites in Poland. Big circles marks
stations used in this study.

This poster presents studies on consistency
between GNSS measurements with modeled
seasonal crustal deformation due to mass
redistribution

We used homogeneously reprocessed results
from International GNSS Service (IGS) and data
reprocessed in our Warsaw University of
Technology Local Analysis Center (WUT)

The information of mass transfer in Earth system
stem from two sources: satellite gravimetric
mission GRACE and hydrology model

Data

GNSS

IGS and WUT repro1
results were used

8 permanent sites with long
observations period (see
Fig. 1)

atmospheric loading was
subtracted (model of Petrov
and Boy, 2003)

GRACE

Gravity Recovery and
Climate Experiment

Groupe de Recherche en
Géodésie Spatiale (GRGS)
Total Water Equivalent
(TWE) product

1◦ × 1◦ spatial resolution

ten day temporal
resolution

Hydrology model

WaterGAP Hydrology
Model (WGHM)

0.5◦ × 0.5◦ spatial
resolution

monthly temporal
resolution

Processing

GNSS (WUT processing details)

Reprocessing GPS data of the subnetwork of 60 EPN
sites performed by WUT EPN LAC within EPN
reprocessing project (Volksen, 2009)

Bernese GNSS Software (Dach et al., 2007)

IGS repro1 products (satellite orbits and ERPs)

GPS observations have been processed according to
guidelines for EPN Local Analysis Centers

GRACE, GLDAS, WGHM

The Total Water Equivalent
(TWE) was used to compute
deformations using Green’s
functions formalism (Farrell, 1972)
The values of Green function for
PREM model (Dziewoński and
Anderson,1981) were used.

Comparison in frequency domain

GNSS vs GRACE and WGHM
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Figure 2: Comparison of amplitude spectra for JOZE site for north (ns), east (ew) and vertical (up) component. The atmospheric loading was subtracted from time
series marked with ’atml’

GNSS for collocated sites
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Figure 3: Comparison of amplitude spectra for two collocated sites JOZE and JOZ2 respectively

GNSS from global (IGS) and regional (WUT) solution
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Figure 4: Comparison of amplitude spectra for different solutions, IGS repro1 and our WUT LAC repro1 coordinates

Time series example

IGS (repro1, global weekly solution)
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Figure 5: Seasonal signal for Borowiec station. The gray points (GNSS) indicate IGS weekly solution. The yellow line (MA) is moving averaged time series with 9
weeks window length. The green one means same averaging procedure but the atmospheric loading was subtracted from time series. The hydrology model and
GRACE solutions are offset for clarity.
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Figure 6: Seasonal signal for Borowa Góra station. The notation is the same as in the figure above.

WUT (repro1, regional daily solution)
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Figure 7: Seasonal signal for Borowa Góra station. The notation is the same as in the figure above. The moving average window length was 60 days.

Multiyear stacking example
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Figure 8: Seasonal signal from multiyear
Borowa Góra station

multi-year data stacking of vertical component variations for every
station was performed

example for BOGI presented here is representative for other stations

applying atmospheric loading slightly decrease amplitude and modify
the observed phase

higher value for WGHM than GRACE is typical for Polish sites

Regional vs global solution

It should be pointed out that our repro1 solution gives reliable seasonal signal. Below is example
of vertical component of Józefos law site with IGS and our results. It is clear that this time series
contains similar loading signal.
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Figure 9: Seasonal signal for Józefos law site - IGS repro1 weekly solution, WUT repro1 weekly and daily solution along with modeled deformation from GRACE and
WGHM

Conclusions

there are more than hundred national reference permanent sites in Poland (ASG Eupos) which
will give some more insight in near future

the computed seasonal deformation agree very well in amplitude and phase for vertical
component. For the horizontal component the interpretation is ambiguous but some peaks for
north component can be attributed to hydrology loading. The amplitude of east component from
GNSS measurement is much higher than modeled hydrological loading.

the GRACE agreement with GNSS measurements for vertical component is better then for
hydrology model which gives overestimated amplitude

some local effects lead to significant discrepancies

our regional solution gives similar seasonal variation as global results
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Figure 1: Location of Józefos law Observatory

The Astro-Geodetic
Observatory of Warsaw
University of Technology
is located in Warsaw
suburb area

Beginning of history in
1950’s

A part of newly created
network of geodetic
observatories in Poland
For more details see
http://joze.pw.edu.pl

EQUIPMENT
GPS

The long period of
observation

No antenna change since
1993!

Trimble 4000 SSI (SSE 2009)
reciver

Atmospheric pressure loading
removed using Petrov’s
service

IGS repro1 solution used in
this study

Absolute gravimeter

FG5 no. 230 gravimeter

Measurements since 2005,
once a month

Standard procedures of
processing and models

Tides, ocean tidal loading
and pole gravity effect
removed

Pressure effect eliminated
using local barometric
measurements and
admittance factor determined
on the basis of tidal gravity
measurements

Additional measurements

Two others GPS installed

Tidal gravity measurements with spring LC&R ET 26 gravimeter

Monitoring of meteorological parameters (two near-by station within 40
meters)

Monitoring of groundwater level (manually)

Microgravity measurement with relative gravimeters

HYDROLOGY LOADING
This effect was estimated using Green’s function formalism on the basis of
two data source:

GRACE

Total Water Equivalent
(TWE) from Groupe de
Recherche en Géodésie
Spatiale (GRGS)

1◦ spatial resolution both in
longitude and latitude

Ten days temporal resolution

Hydrology model

WaterGAP Hydrology Model

0.5◦ spatial resolution both
in longitude and latitude

Monthly temporal resolution

TWE – all surface water and
snow, subsurface and soil
water components added

GRAVITY RESULTS
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Figure 2: The observed gravity changes with FG5 gravimeter (red) along with modelled gravity changes on the basis of Total
Water Equivalent from GRACE (orange) and WGHM (dark blue). The groundwater level means the distance from gravimeter site
to groundwater surface.
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GPS RESULTS
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Figure 3: The time series of observed position variation in Józefos law (IGS repro1 weekly solution, gray dots) and the same data
after atmospheric loading correction and smoothing with window length of 9 weeks (green). Modelled variation due to loading on
the basis of GRACE and WGHM data (orange and dark blue color respectively).

CONCLUSIONS

The hydrology loading is clearly visible in GPS results for vertical
component. Both amplitude and phase agree well with modelled
deformation from GRACE and WGHM data. The WGHM gives slightly
overestimated amplitudes

For horizontal components the conclusion are ambiguous. There are
likely several reasons of poor fit – small amplitude of signal (hence
small SNR), atmospheric loading models, land-sea distribution, local
environmental effects

The computation of this quantity from water storage is much more
complicated. The gravimeter site is located 6 m below ground level
therefore the global hydrology cycle influence (from GRACE and
WGHM model respectively) has opposite sign (and slightly modified
amplitudes) as the main part of water storage take place in soil, thus
the masses are above gravimeter. On the other hand local hydrology
could have significant impact on observed gravity change. The level of
groundwater table is below gravity site.

The complex hydrology situation is reflected in Fig. 2. Two periods are
marked with rectangle. In first period we observe a very good
agreement with global hydrology effect while second period shows good
correlation with local hydrology (groundwater level)

The FG5 and GPS data are consecutively collected therefore more
comprehensive analysis, qualitative and quantitative evaluation of
hydrology loading influence on position and gravity will be undertaken
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ABSTRACT. In this study we compared the seasonal crustal deformation observed with
Global Navigation Satellite Systems (GNSS) with modelled values on the basis of Gravity
Recovery and Climate Experiment (GRACE) data.
The eight GNSS sites from territory of Poland were selected for this study. The GNSS
time series were taken from homogeneously reprocessed global network solution within
International GNSS Service (IGS) “repro1” and Warsaw University of Technology (WUT)
Local Analysis Center (LAC) solution within European Permanent Network (EPN) “repro1”
project was. The Atmospheric Loading (ATML) influence on observed seasonal variation
was considered.
The Total Water Equivalent (TWE) estimation from satellite data was used to compute
deformation using Green’s function formalism. Prior to preprocessing of GRACE data, the
high frequency component are removed from solution to avoid aliasing problems. Thus
GRACE observes mass transport mainly in continental storage of water. Therefore we
also included hydrology model in our analysis. The output of WaterGAP Hydrology
Model (WGHM) was used to compute deformation using same manner as for GRACE TWE
estimation.
The results confirmed that major part of observed seasonal deformation for vertical
component can be attributed to hydrology loading. The result for this component agree
very well both in amplitude and phase. The peak to peak height changes can reach as
much as 10 mm. The WGHM gives slightly larger amplitude then GNSS and GRACE.
For horizontal component the amplitudes are about three times smaller than for vertical
component. The comparison is much more complicated and the conclusions are ambiguous.

Keywords: mass transport, loading, GRACE, hydrology model, GNSS time series
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