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ABSTRACT 

Instrumental and environmental disturbances do affect FG5 absolute gravimeter observations and the estimated gravity 
values, sometimes to the degree that entire measurement campaigns are discarded. We propose a method which moves 
towards the re-assessment of previously discarded observations. Once an estimate of the frequency and amplitude of a 
disturbance in a FG5 data set exists, the proposed method can estimate its impact on the estimated gravity value. This is 
performed through a Gaussian Bell Summation approach of the functional relationship between disturbance frequency 
and standard deviation of gravity. The filtering of the identified disturbance is realized through a modification of the 
functional model of the equation of motion in the least squares adjustment of FG5 observations. The results reveal that 
the Gaussian Bell Summation approximates the frequency—gravity impact relationship sufficiently well with negligible 
uncertainties, while the accuracy of the detected disturbance frequency defines a limiting factor for the gravity impact 
estimation. A realistic disturbance of 15 Hz with an amplitude of 1.5 nm had an impact of ≈48 [μGal] on the gravity 
estimate. The proposed filter approach reduced the impact to ≈12 [μGal], with the remaining effect being almost 
entirely associated to the uncertainty in disturbance frequency detection. 
 
Keywords: FG5 Absolute Gravimetry; Gravity; Disturbance Filtering; Gaussian Bell Summation; Least Squares  

Adjustment 

1. Introduction 

In recent decades, a large amount of FG5 absolute gra- 
vimeter data have been accumulated in North America 
by agencies such as the National Geodetic Survey (USA) 
and the Geological Survey of Canada. A part of these 
observations has not been fully exploited yet for different 
reasons. For example, the FG5 requires an intensive and 
regular maintenance program and, sometimes, measure- 
ments performed at the end of a maintenance cycle are of 
lower quality. In addition, disturbances (defined as a 
signal plus noise) during a measurement campaign con- 
taminate absolute gravimeter observations, e.g., signals/ 
noise caused by construction, microseismicity, or instru- 
mental disturbances. Many studies have addressed indi- 
vidual components of FG5 instrumental or environmental 
disturbances, cf., [1-4]. Since FG5 observations are very 
time consuming and costly, the re-assessment of con- 
taminated data through improved de-noising and ana- 
lysis methods is promising. In addition to the economical 
aspects, the re-assessment is also beneficial for the gra- 
vimetry and geoid communities, which rely on these 

fundamental observations for calibration or validation of 
satellite or airborne gravity observations or for the defi- 
nition of a gravimetric vertical datum. Further, existing 
time series could be extended and the determination of 
gravity could be improved [4,5]. It is often the length of 
the gravity time series which determines its usefulness as 
temporal changes in gravity are often caused by slow 
geodynamic processes such as glacial isostatic adjust- 
ment [6-8]. The re-assessment of previously discarded 
FG5 data is the only means to extend a gravity time se- 
ries back in time. The benefits of being able to filter out 
detected disturbances are twofold, namely, 1) the deter-
mination of gravity is more accurate; and 2) noisy time 
series of the FG5 observations, which have not been used 
for analysis due to their high noise level or contamination 
level could be revitalized. 

In this study, we will demonstrate how a detected dis- 
turbance in a FG5 time series impacts the estimated 
gravity value. This approach makes the assumption that a 
disturbance has been identified in the time series, e.g. 
using methods such as Lomb-Scargle periodogram analy- 
sis or wavelet analysis as demonstrated in [9,10]. A very 
simple way of filtering out a signal (not considering  *Corresponding author. 
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noise as in a disturbance) from FG5 observations can be 
achieved by modifying the equation of motion used in 
the least squares fit, cf., [4,10]. [4,11] proposed a tech- 
nique which includes a damping factor and a summation 
over several signals. Herein, no damping factor is in-
cluded and only one signal is considered at a time. The 
reason for neglecting a damping factor is because the 
uncertainty in the required prior frequency detection 
presents the limiting factor and dominates the damping 
effects. The analysed time-distance measurements are 
composed by adding a synthetic signal to a real FG5 data 
set. This ensures that any real signals originating from 
the instrument or environment as well as their noise is 
contained in the data and does not need to be simulated. 
Only the added signal is perfectly known. This combina- 
tion allows us to consider the analysed data set as repre- 
sentative for the FG5 measurement process and the fol- 
lowing adjustment to estimate gravity. 

A detected disturbance frequency, Df , can be consid-
ered by adding a sinusoidal term  

 cos 2π  sin 2πD i D iE f t  D f t   

to the functional model which modifies to 
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Herein, 0 , 0z g , and 0  are the unknown initial pa-
rameters and  and  are the laser modulation pa-
rameters (for details on Equation 1 refer to [10,12,13]). 
The detected frequency is treated as a ‘true’ parameter 
(indicated by the tilde), i.e., 

v
B C

Df
  is not introduced as an 

unknown parameter which is estimated by the fitting 
algorithm, cf., the usage of “true” parameter in [14]. 
However, if Equation (1) is used as a functional model, 
the following vectors and matrices must be modified 
within the least squares fit algorithm, cf. [10], 
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For a signal amplitude of guess 1 nmA 

D E

, the appro-  

ximation values  and  are defined by 
2
guess

2

A

ˆ

  

(note that other values could be used, although the results 
indicate only a small impact of the first guess amplitude). 
The vector of the estimated unknowns, X , has 7 ele- 
ments, and it contains  and E  from which the ampli- 
tude of the signal can be calculated through  

D̂ ˆ

2 2ˆ ˆ ˆA D E   

and the corresponding phase through 
ˆ

arctan
ˆ

D

E
  . 

Before starting a time consuming reprocessing with a 
modified observation equation for large amounts of data, 
it is beneficial to investigate what level of improvement 
can be achieved. In other words, if a signal in a data set 
was detected, e.g., by spectral analysis tools such as 
Lomb-Scargle or wavelets [10], an estimation of its im-
pact on the derived gravity value would enable the quan-
tification of potential improvements through filtering, an 
initial step in the process of re-assessment. In this study, 
we present a numerical tool for the estimation of the dis-
turbance signal impact on gravity. There are multiple 
ways of filtering a detected disturbance in order to de-
crease its impact on gravity estimates. Herein, only one 
filtering approach is presented, as the focus of this study 
lies on the impact assessment. This includes the impor-
tant consideration that the FG5 observations at hand first 
go through the transfer function of the FG5 measurement 
process, then through an adjustment process, before es-
timating a gravity value. In order to keep most of these 
processes in the impact assessment, we used real 
observations together with known synthetic disturbances 
in this study. 

The FG5 data used herein were provided by Natural 
Resources Canada. The measurements used in the text 
were collected July 8, 2008 at the Pacific Geoscience 
Centre in Sidney, British Columbia, Canada. A data sub-
set of 100 drops was used for most computations 
(FG5#236: file 2008a0708 ({*}.raw, {*}.project), Sets 
37-40, 25 Drops/Set, total 100 Drops). 

2. Signal Impact Analysis 

For the following synthetic analysis a real FG5 data set 
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t
z

  ,i jf t   

of 100 drops with all time-distance measurements, i  
and i , was used. The 100 drops were analyzed before 
by Lomb-Scargle Periodogram analysis to be sure that no 
significant disturbance exists in the data set [9]. A si- 
nusoidal signal was added to the distance measurement 

sin 2πi iz z A            (2) 

where A  is the amplitude in  nm  and f  the signal 
frequency in  Hz i

1,2,

0 - 2

. Further, in Equation (2) the index  
denotes the used fringes, . Furthermore, 
from drop to drop the phase was chanced to cover the 
range of  within the 100 drops. Hence, the phase 
is defined by  
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with . A full parameter space 
study of how sensitive the FG5 measurement and ad- 
justment process is for varying disturbance frequency, 
amplitude and phase was performed in [9]. We used the 
results of that study for defining relevant frequencies, 
amplitudes and phase. A least squares fit was performed 
for the 100 drops with both types of distances (without 
an added signal  and with an added signal ). This 
can be expressed by 
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and the standard deviation of the set of differences 

 1 2 100: , , ,g g g   g Δ  

was calculated. This analysis was performed for the set 
of frequencies  0.2, ,99.8,100  given in Hz . Figure 
1 shows the results of a frequency analysis up to 100 [Hz] 
with three different amplitudes. It also validates the re-
sults of [15] and provides an analysis tool similar to the 
results of [16], who have conducted a similar impact 
analysis for geodetic velocity estimation. The most im-
portant conclusions from analyzing Figure 1 are: 1) the 
lower signal frequencies have the largest impact on grav-
ity; and 2) small changes in frequency can have signifi-
cantly different impacts on gravity. These facts are 
caused intrinsically by the way the FG5 transfers a dis-
turbance to time-distance measurements and finally to 
the gravity estimate. It is worth to note that changing the 
number of selected fringes will lead to a different drop 
frequency, cf equation in next page, which in turn will 
change the impact on gravity. Hence, the curves in Fig- 
ure 1 must be re-evaluated every time, the fundamental 
parameters drop frequency, number of drops, selected 
start and end fringes, amplitude and phase change. 

3. Estimation of Signal Impact on Gravity 

In order to perform the task of data re-assessment in an 
effective manner, a tool for the estimation of the signal 
impact on gravity is very useful. Figure 1 shows the fre- 
quency sensitivity of the FG5 and its impact on gravity. 
Since the standard deviation is based on a set of gravity 

The differences between each pair of affected and un-
affected gravity estimates were computed for each drop, 
i.e.,  
 

 

Figure 1. Impact of signal frequency on gravity estimation in the FG5 observation process. Data used: FG5#236, file 
008a0708, sets 37-40, (25 drops/set, total 100 drops). 2  
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differences, not on absolute values, the plot is of a gen-
eral character. Figure 1 can be used to estimate the im-
pact on gravity for a detected frequency, Df

 GBS

 

, and for a 
certain amplitude, which has to be estimated. Since the 
curves in Figure 1 have a distinct shape and are con-
tinuously differentiable, it should be possible to find an 
appropriate approximation using analytical functions. It 
is obvious that this desired function depends on the dis-
turbance amplitude and drop period/frequency. Further-
more, it seems possible that the curves shown in Figure 
1 can be approximated by a summation of several Gaus-
sian bells. In general, the Gaussian bell summation 

 is given by 
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In order to determine a relationship between the Gaus-
sian parameters i i i  and the amplitude of the dis-
turbance A  (in [nm]) and the drop period  

 : ef sfT t t s     

(the subscripts sf

 , 00
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end fringe), several curves as in Figure 1 with different 
amplitudes and drop periods were analyzed. A parameter 
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stellation of amplitude and frequency the phase was 
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where  is the drop index and  the number of used 
drops. With this parameter space, the curves were gener-
ated and a least squares fit for each curve was performed 
to obtain the three parameters for each Gaussian bell. 
The results for each parameter were analyzed. The heu-
ristically identified relationship between  

a b  

is described by 
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and is valid for frequencies up to 100 Hz
14n 

a

b

, which cor-
responds to a summation of  Gaussian bells. Pa-
rameter i  corresponds to the amplitude of the i -th 
Gaussian bell, and is controlled by the amplitude of the 
synthetic signal and the drop period used. Parameter, i , 
describes the position of the center of each Gaussian bell. 
A closer look reveals that the first peak is not exactly at 
the drop frequency  

1 1

ef sf

DF
T t t

 
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

, 


but has a shift of 0.5149 Hz



 on average. It is very 
likely that this is caused by the intrinsic data window of 
the FG5 observations. A periodic behavior of this shift 
was detected between 0.39 - 0.65 Hz

1 peakst

, and it depends 
on the drop period used. The differences over the fringe 
space of  

f f DF    

are shown in Figure 2. For the sake of convenience, the 
average of  0.5149 Hzf 

c

DF

 was taken to keep Equa-
tion (4) simple. Parameter i  controls the width of each 
Gaussian bell. Since local maxima are around the multi-
ples of , the space between two local maxima can 
be well approximated by 

1
DF

T



, 

and hence 1 3

GBS
DF

DF

 of this length is taken to define each bell  

width. In Figure 3, the  approximations are shown 
for two different amplitudes and for two different . 
In general, the approximation at the beginning is worse 
than at the end; this can be observed in the second maxi- 
mum in each subplot. However, this discrepancy is ac- 
ceptable, since the goal is to estimate the impact on grav-
ity, and also the disturbance amplitude. Pseudo-Voigt 
functions representing sums of Gaussian and Lorentzian 
functions [17,18] were tested instead of Gaussian bells, 
which provided a better approximation. However, this 
introduced more parameters, which made it much more 
difficult to find a relationship between the parameters, 

 and the signal amplitude. 
In Table 1, a numerical example for a single drop is 

given. The generated synthetic signal of  15  with 
an amplitude of 

Hz
 1.5 nm  has an impact on gravity value 

of  48.63 μGal . With Lomb-Scargle and filtering via 
Equation (1) the impact can be reduced considerably to 

 12.39 μGal . The remaining difference is caused by 
the fact that Lomb-Scargle is not able to detect the exact 
frequency of  15 , cf. [9]. The results of the esti- Hz       
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Figure 2. Δf  is the difference of frequency at the first peak (in the plot of standard deviation analysis of g , cf., max peak 

in Figure 1) and DF  depending on the start and end fringes used. Data used: FG5#236, file 2008a0708, sets 37-40, (25 
drops/set, total 100 drops). 

 

g g 

g g 

 

Figure 3. The four panels show the standard deviation of g  and its approximation for two different DF  ( 6.68  and Hz

 7.36 Hz ) and two different amplitudes (  1 nm  and  2 nm ). Data used: FG5#236, file 2008a0708, Sets 37-40, (25 

drops/set, total 100 drops). 
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Table 1. Numerical example of impact estimation and filtering. The upper table contains information about generated signal, 
the lower table presents the numerical results of estimation and filtering. The not affected gravity value is indicated by g , 

the affected by 
D. Both are calculated through a least-squares adjustment. Lomb-Scargle analysis was used to estimate g f  

for the drop residuals; Equation (1) was used to filter out Df . The obtained estimated gravity is Fg , and the estimated am-

plitude is ˆ ˆ ˆA D E2 2+ .  Further, the number of digits are extended to point out the small differences in the results. Data 
used: FG5#236, file 2008a0708, set 37, drop 1. 

Synthetic Disturbance 

Generated Frq. Generated Amp. Gravity g g g    T  

 Hz      μGal  s  nm  μGal  

15Gf  1GA  0934226.709 48.6349790096 0.1497

80934275.344917

 .5 98g  938    

  9g     

Estimation & Filtering (  14.19 HzDf   detected by Lomb-Scargle) 

Guessed Amp.  guess ,GBS A T  Fg  g Fg g   ˆ A  

 nm      μGal  μGal  μGal  nm

guess 1.A  22.3 934262.94 12.397 3316311324429

guessA  33.5 934262.94 12.3979 3316310246707

guessA  44.7 934262.94 12.397 3316311416033

 

0  6 980Fg  6953  9640007 1.4  

1.5  4 980Fg  6950  671001 1.4  

2.0  2 980Fg  6954  9630470 1.4  

 
mation via the  Equation (4) are acceptable and 
the misfit described in Figure 3 has a negligible impact 
on gravity compared to the limitations in frequency de-
tection using Lomb-Scargle. Because of the strong slope 
of the  function at this point, a difference of 0.5 
[Hz] at around 15 [Hz] causes a change in gravity of 
11.8[μGal]. This value is very close to the remaining dif-
ference after filtering of  

GBS

GBS

   12.39 μGalg g g   , with 0.81 Hzf  . 

The numerical example in Table 1 demonstrates that 
the filtering efficiency depends mostly on the detection 
accuracy. The guessed amplitude has a minor impact on 

g  and can be considered as very robust. 

4. Conclusion 

A Gaussian Bell Summation  GBS

T
A

GBS
GBS

GBS

 was developed to 
approximate the frequency dependent impact of distur- 
bances on gravity estimates (Figure 1 and 3). The ap- 
proximation requires only two parameters, the drop pe- 
riod , and a rough estimate of the disturbance am- 
plitude, guess . In addition to the analytical term, a nu- 
merical comparison of  estimation and filtering is 
made for a single drop to demonstrate the  per- 
formance. The filter is realized by a modification of the 
FG5 least-squares observation equation and uses the de- 
tected frequency as a “true observation” in the adjust- 
ment algorithm. The modified least-squares fit algorithm 
estimates the unknown amplitude of the signal quite well 
and does not depend on the guessed initial amplitude 

value. The developed  can be used to obtain esti- 
mates of the impact of known or detected disturbances on 
gravity. It is a useful tool for the re-assessment of previ- 
ously discarded FG5 observations. It can be used to im- 
prove the estimated gravity values markedly. The limit- 
ing factor of this approach is the uncertainty in distur- 
bance frequency detection, e.g. by using Lomb-Scargle 
periodogram analysis, which prevends the proposed filter 
to remove all of the disturbance impact. Initial tests using 
a disturbance frequency detection algorithm based on 
wavelets [10] shows improved accuracy and would fur- 
ther reduce the gravity impact of detectable disturbances. 
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