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a b s t r a c t

This paper evaluates different data-processing methods to determine the gravity rate of change, using

repeated absolute gravimeter (AG) measurements and continuous monitoring by a superconducting

gravimeter (SG). Based on synthetic data representative of signals observed by SGs at various station

locations, we demonstrate that the addition of SG information mitigates the error in the estimation of

gravity rates of change caused by the presence of long period, interannual, and annual signals in the AG

data. These results are discussed as a function of the sampling rate of the absolute gravity

measurements, the duration of the observations, and the uncertainties of the AGs.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Monitoring long-term vertical ground motion is mandatory in
many studies involving tectonics or glacial isostatic adjustment.
This task is challenging as the signals from ground motion are at
the limit of the uncertainty of current geodetic techniques and
may be obscured by other larger signals of geophysical origin.
Deformation studies traditionally use Global Navigation Satellite
System (GNSS), but reference-frame issues make it much less
reliable in monitoring the long-term vertical displacement
(Mazzotti et al., 2007; Van Camp et al., 2011). Gravity studies of
vertical deformation have generally been the exclusive domain of
absolute gravimeters (AGs). AGs have two paramount advantages
over relative gravity meters: They have no long-term instrumen-
tal drift and, as a standard, they can determine the gravity at any
location to a known accuracy. However, for both logistical reasons
and mechanical degradation, AGs are not normally used for
continuous monitoring of a station, but rather they are used to
visit a given network station either one time or a few times per
year. This can lead to aliasing caused by hydrology or other
sources that are not precisely determined in the absence of
continuous measurements.
ll rights reserved.

elgium, Avenue Circulaire 3,

: þ32 2 373 0339.

oma.be (M.J. Van Camp),

ments.com (R.J. Warburton).
Although SGs are about 100 times more precise than AGs (Van
Camp et al., 2005), they typically exhibit small linear drifts, of
order 2 mGal/year (1 mGal¼10 nm s�2), the order of the investi-
gated signals or larger. Although Van Camp and Francis (2006)
have measured an exponential drift on the SG operating at
Membach, Belgium, no other examples of such long-term non-
linear drift have been reported for other SGs. At typical SG sites,
such as GGP stations (Crossley and Hinderer, 2008), AGs visit SG
stations on a quasi-regular basis to determine the SG drift. AGs
are also operated next to the SG for several days to determine its
calibration factor (Francis et al., 1998). Depending on the SG
station, the repetition rate of the AG measurements varies: It can
be a few weeks (Weise et al., 2009), one month (Van Camp et al.,
2005; Longuevergne et al., 2008; Palinkas et al., 2010), one time to
a few times per year (Van Camp et al., 2011; Creutzfeldt et al.,
2010; Zerbini et al., 2007), or even less (Mémin et al., 2011;
Omang and Kierulf, 2011).

These drifts prevent SGs from measuring deformation; how-
ever, Wziontek et al. (2008) show that the combination of AGs
and SGs improves the precision of the gravity monitoring, e.g., by
adjusting the differences in the absolute value measured with
different AGs and detecting offsets in the AG data that may occur
after repair or mishandling.

In this paper, we discuss how the information of the SG can be
used together with the repeated AG measurements to best
determine the gravity rate of change. This problem can be seen
as follows: We have two independent measurements of the time
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variable gravity. One (AG) is less precise and sparse, which can
induce aliasing effects; the other (SG) is very precise and con-
tinuous, but with a small instrumental drift. Combining these
data, we want to get the most precise estimation of the geo-
physical gravity rate of change. Many papers discussing slow
trends at stations benefiting from both AG and SG instruments
make use of the AG data only. This is the case of Sato et al. (2006)
and Mémin et al. (2011), who analyze the gravity rate of change at
Ny-Ålesund, Svalbard archipelago. Later on, Omang and Kierulf
(2011) made use of the SG data at Ny-Ålesund, but they did not
continue to discuss strategies of analysis. In this paper, we show
how incorporating the SG data significantly improves the deter-
mination of the gravity rate of change.
2. Estimation methods

Let us suppose that, for a given station, we have two datasets:
SG(ti), from the superconducting gravimeter, and AG(tk), from the
absolute gravimeter. The AG dataset is sparse, with a few points
per year. The SG data set, originally with a one-second sampling
rate, has been averaged to daily values, as we are looking for a
long-term signal.

2.1. Method 1: Simply fit the trend on the AG data

The SG data is not used in the analysis for this method; the
geophysical trend a is estimated from a linear fit on the time
series AG(tk):

AGðtkÞ ¼ atkþb ð1Þ

No attempt is made to estimate the seasonal signals, but
measurements can be scheduled at the same time each year to
minimize their impact.

For example, Mémin et al. (2011) use this method at
Ny-Ålesund (Spitsbergen).

2.2. Method 2: Fit the trend and an annual wave on the AG data

As an annual signal is likely to be present, it is useful to fit an
annual cycle together with the trend. To be thorough, the seasonal
cycle should be composed of an annual and a semi-annual signal,
which should both be determined. Since the semi-annual signal
causes exactly the same aliasing problems as the annual signal,
we chose to simplify the discussion by including only the annual
term in the model. The fit model reads as follow:

AGðtkÞ ¼ atkþbþgsinðotkÞþddcosðotkÞ ð2Þ

Even with yearly (or less frequent) data, modeling the annual
term makes sense, since small deviations of the measurement
epoch can generate a non-negligible error on the trend, especially
for short time series.

This method is used, for example, by Van Camp et al. (2011).

2.3. Method 3: Use the SG data to estimate and remove the climate

signal from the AG

First, this method estimates the instrumental drift and geo-
physical trend in the SG series by fitting a linear drift and an
annual wave, and subtracts the linear part of the model from the
SG data. Then, the corrected SG data SGc(tk) at the AG measure-
ment epochs tk are subtracted from the AG data AG(tk):

SGðtiÞ ¼ xtiþwþgsinðotiÞþdcosðotiÞ ð3Þ

SGcðtiÞ ¼ SGðtiÞ2ðxtiþwÞ ð4Þ
AGcðtkÞ ¼ AGðtkÞ2SGcðtkÞ ð5Þ

If the SG drift is perfectly linear, this provides an essentially
‘‘climatic-free’’ AG series, apart from a possible contribution from
slow climate changes to the trend. However, any deviation of the
SG drift from linearity will contaminate the climate signal. There-
fore, for this method to work well, it is extremely important that
any deviation of the SG drift from linearity be very small
compared to seasonal variations. Nevertheless, as our test focuses
on the trend estimates, a contamination of the climate signal is
unlikely to affect the trend estimate to a significant extent.
Finally, the trend is estimated by fitting a degree-one polynomial
on the corrected AG data:

AGcðtkÞ ¼ atkþb ð6Þ

As far as we know, this method has never been used.

2.4. Method 4: Correct the SG for its drift by using the AG data and

estimate the gravity rate of change from the drift-corrected SG

In this method, the trend a is determined from the drift-
corrected SG time series SGc(ti). The drift is estimated from the
difference between AG and SG data at the common points tk. For
instance, for a linear drift, the model is:

SGðttkÞ2AGðtkÞ ¼ xtiþw ð7Þ

Eq. (7) assumes that the AG measurements are perfect and
allows the removal of common geophysical noise. The drift-
corrected SG time series is:

SGcðtiÞ ¼ SGðtiÞ2ðxtiþwÞ ð8Þ

The gravity rate of change a is then estimated by fitting

SGcðtiÞ ¼ atiþbþgsinðotiÞþdcosðotiÞ ð9Þ

Omang and Kierulf (2011) use this method but do not account
for the seasonal term.

2.5. Method 5: Global least square solution using the SG and AG data

Here, we directly perform a global fit on both the SG and AG
time series. The model reads as follow:

AGðttkÞ ¼ atkþbþgsinðotkÞþdcosðotkÞ ð10Þ

SGðtiÞ ¼ atiþxtiþmþgsinðotiÞþdcosðotiÞ ð11Þ

As with Method 3, this has never been used.
3. Numerical simulation

In order to make a valid assessment of the precision of the
trend as estimated by each method, we need to know exactly
what the value of the trend is, and to dispose of datasets with the
observation strategy required for our tests. Consequently, we
made the assessment on synthetic data sets based on four typical
situations, as determined by the amplitude of the seasonal and
interannual signals.

The synthetic gravity signal, which does not include the
atmospheric and Earth-tide signals, is composed of a seasonal
signal with a random phase, white and red noise, an interannual
variability, and a trend of 0.5 mGal/yr (Fig. 1). For the interannual
variability, which is associated with climate dynamics – mostly of
hydrological origin (see Van Camp et al., 2010) – we used a
randomly chosen 30-year period of the North Atlantic Oscillation
(NAO) index (Hurrell, 1995) (Fig. 2a).

The white noise is distributed as a Gaussian random variable
with a zero mean and 1 mGal standard deviation, and the order



Fig. 1. Synthetic data production scheme. The drift is common for all the simulations (1 time series), whereas the North Atlantic Oscillation (NAO) index (Hurrell, 1995),

annual term, degree one autoregressive AR1 noise, white noise, and setup noise are generated again using the same parameters (except for the starting date for the NAO

selection) for each of the N¼100,000 simulations (N time series or phases).
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one autoregressive red (AR1) noise is defined as:

xiþ1 ¼ axiþzi ð12Þ

where a is the autocorrelation at lag 1 day (a¼0.016) and zi is a
source term with a centered Gaussian distribution of standard
deviation 0.2. The synthetic signal is corrected for any unknown trend
resulting from the NAO or the noise before adding a 0.5 mGal/yr
trend.

To generate the synthetic AG measurements, the gravity signal
G(t) has been decimated. An initial time t1 has been chosen
randomly within the first month of the G(t) series, and the other
AG measurements times (ti) are regularly spaced with respect to
the first one, along the whole length of the signal. Then, a positive
or a negative random delay ri shorter than 1 month has been
added to each ti measurement time. This is done to mimic actual
campaigns, which usually cannot be repeated exactly at the same
time each year. The AG signal is then obtained as the gravity
signal G(ti) at those times, to which a random noise wi is added to
account for the AG setup noise. Its standard deviation is 1.6 mGal
according to Van Camp et al. (2005):

AGðtiÞ ¼ GðtiÞþwi ð13Þ

with

ti ¼ t1þ iDtþri ð14Þ

where i is an integer (e.g., it corresponds to 12 months when
simulating yearly AG campaigns) and ri, the random delay. For the
SG, a linear drift B¼2 mGal/year is added to the gravity time
series:

SGðtÞ ¼ GðtÞþBt ð15Þ

The SG random noise has been disregarded in this study, since
it has a standard deviation 100 times smaller than that of the AG.

All together, the simulated run is determined by three para-
meters: the amplitude of the NAO, the amplitude of the annual,
and the amplitude of the AG setup noise, parameterized by its
standard deviation. In what follows, we will refer to each experi-
ment by a 3 sign code. The first one with a capital letter for the
scale of the NAO signal (A¼2, B¼4), the second one with a
lowercase letter for the amplitude of the annual signal (a¼1,
b¼2, c¼10), and the dispersion of the AG setup noise represented
by its standard deviation. It amounts to 1.6 mGal or 4.0 mGal if
more than one AG is used and if the gravimeters are not
intercompared. In that case, 4.0 mGal is taken as the higher limit
of the AG differences evidenced for the last international compar-
isons of absolute gravimeters (e.g., de Viron et al., 2011). Such a
high setup value may also be considered when only one AG is
used, if the instrument is not correctly maintained and never
compared against other AGs or an SG at a reference station.

The five experiments are summarized in Table 1 and illu-
strated on Fig. 2b–f; they are chosen from the different types of
behavior of the SG time series discussed in Van Camp et al.
(2010). These synthetic cases are not exhaustive, but they are
sufficient to test and compare the performance of the different
methods of processing the data, which is the main goal of this
paper. The five methods are tested for 5, 10, 15 and 30-year long
time series for AG measurements occurring 1, 2, and 4 times per
year or less than once a year (i.e., once a year but with 1, 2 or
4 data points missing). We then generated 100,000 time series
with the parameters defined above.
4. Simulation results

4.1. Performance of the different methods

From the 100,000 simulations for each case, we obtained
100,000 trend estimations for each method. Fig. 3 summarizes
the results for the case Ac1.6; each subpanel represents, for the
five methods, the histogram of the retrieved trends for a given
data length (e.g., 5 years) and sampling rate (e.g., 1 point per
year). For all cases, the numerical values of the standard devia-
tions are given in Table 2, for one AG measurement per year.

As expected from the zero trend imposed on the combination
of all the noise sources, the estimation methods are found
unbiased. The methods differ significantly by their dispersions:
The least dispersed are the most reliable as they are less likely to
leave an erroneous trend estimate. Not surprisingly, for a given



Fig. 2. (a): time series of the North Atlantic Oscillation (NAO) index. (b–f): Simulated SG (blue) and AG (red dots) time series, obtained by adding the North Atlantic

Oscillation (NAO), an annual term, a degree one autoregressive red noise (amplitude 2 mGal, autocorrelation 0.4/h, innovation parameter 0.2), a white noise (amplitude

1 mGal), and a geophysical trend of 0.5 mGal/yr. The AG series (here 4 per year) also includes a setup noise of 1.6 mGal or 4.0 mGal (see Table 1). For clarity the SG drift and

the geophysical trend are set to 0. (b) Case Ac: amplitude NAO: 2 mGal, annual signal: 10 mGal; (c) case Bb: Amplitude NAO: 4 mGal, annual signal: 2 mGal; (d) same as

(c) but for an AG setup noise of 4 mGal; (e) case Ab: amplitude NAO: 2 mGal, annual signal: 2 mGal; (f) case Aa: amplitude NAO: 2 mGal, annual signal: 1 mGal. These 5 cases

are summarized in Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sampling rate, AG setup noise, and case, the longer the time
series, the smaller the dispersion of the estimator (Figs. 3 and 4).

Method 1 and 2 show the worst performances, which makes
sense as they use less information than the other three. One may
expect Method 2 to perform much better than Method 1, as the
model is better. But this is actually only the case when the annual
signal is strong (case Ac1.6) or when enough data, i.e., at least
4 points a year, are available; otherwise, fitting the annual signal
makes things worse (Fig. 4). More unexpected is the poor
performance of Method 5, which makes a general inversion of
the problem compared to Methods 3 and 4, which investigate the
SG and AG data separately. This can be explained by the fact that
the global inversion requires a full model of the problem, i.e., a
model that includes the interannual component of the signal, and
this is not possible unless the interannual behavior is known. On
the other hand, Methods 3 and 4, based on differences between
the AG and SG, allow for correcting the unknown interannual
signal. Method 4 gives better results than Method 3 for two
reasons: (1) it estimates the SG drift using the differences
between SG and AG at the AG points, so that no interannual
signal remains in the drift estimation; (2) it estimates the trend
using significantly more data (based on the SG points) than



Table 2
Standard deviation of the trend recovered by applying each of the five methods,

for one absolute gravity measurement performed each year, after 5/10/15/30

years. The bold values are for 15 years. The case Ac1.6 is illustrated in the middle

column of Fig. 3.

Years Method 1 Method 2 Method 3 Method 4 Method 5

Ac1.6 5 1.07 2.29 1.65 0.81 0.83

10 0.36 0.32 0.21 0.19 0.27
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Method 3 does (based on the AG points). The first reason is most
likely the most significant, as one does not need that many points
to get a robust trend estimate.

Table 3 shows that the trend determined by Method 4 can be
up to 66% better, i.e., the standard deviation of the estimator is
66% smaller than that determined by Method 1. When the AG
setup noise amounts to 4.0 mGal, the improvement is still
observed at the level of 7–30%, except for measurements per-
formed for only 5 years. Under such circumstances a decrease is
observed for the Bb case if less than one AG measurement is
performed each year, and for the other cases, if 4 AG data points
are available each year. This shows that taking too many poor AG
measurements can decrease the quality of the trend estimate
when the interannual geophysical signal is weak (cases Aa, Ab
and Ac).

4.2. Influence of the AG campaign rate and setup noise

We now focus on Method 4, which has been shown to be the
best. Considering that only the AG setup noise affects the drift
determination of Method 4, which induces the corresponding
error on the trend determination, it is possible to compute
analytically the expected error standard deviation for Method
4 if we neglect the impact of the random fluctuation of the AG
sampling. Note that the setup noise is known to be normally
Table 1
Case studies nomenclature as a function of the NAO and annual signal amplitude,

and uncertainty on the repeated AG measurements. These cases are illustrated on

Fig. 2 and the SG stations are characterized according to Van Camp et al. (2010).

Acronym NAO

amplitude

[mGal]

Annual

amplitude

[mGal]

AG setup

noise [mGal]

Example SG stations

Ac1.6 2 (A) 10 (c) 1.6 Tigo

Bb1.6 4 (B) 2 (b) 1.6 Ny-Ålesund, Cantley,

MetsähoviBb4.0 4

Ab1.6 2 (A) 2 (b) 1.6 Membach,

Strasbourg, Bad

Homburg

Aa1.6 2 (A) 1 (a) 1.6 Medicina, Vienna,

Canberra, Moxa

Fig. 3. Probability distribution (%) of the error on the trend (real value: 0.5 mGal/yr), for

length of the time series (5, 10, 15 and 30 years) and the available absolute gravity m
distributed (Van Camp et al., 2005; Palinkas et al., 2010). For
uncorrelated error on the observation, the variance–covariance
matrix of the retrieved parameters is given by Freedman (2005):

M¼ sðAT AÞ�1

Applied to the trend estimate by Method 4, we obtain the
standard deviation of the retrieved trend as:

strend ¼ s=Lð12=NÞ1=2,

with s, the standard deviation of the data; L¼NDt, the time
length of the dataset; and N, the number of observations.

To improve the trend determination, it is more useful to
measure a long time (strend decreases as 1/L), than to have a
large number of measurements (strend decreases as 1/N1/2 ): e.g.,
it is more rewarding to measure once a year during 15 years than
make 4 measurements a year for 5 years.
the case Ac1.6, as a function of the five methods discussed in Section 2, and of the

easurements (once per year 4 missing, once a year and 4/year).

15 0.20 0.16 0.11 0.10 0.15
30 0.08 0.06 0.04 0.03 0.06

Bb1.6 5 1.27 3.49 1.65 0.82 1.26

10 0.39 0.48 0.22 0.19 0.39

15 0.22 0.24 0.11 0.10 0.22
30 0.10/ 0.10 0.04 0.03 0.10

Bb4.0 5 1.73 4.57 3.46 2.04 1.72

10 0.56 0.68 0.53 0.48 0.56

15 0.31 0.34 0.26 0.25 0.31
30 0.13 0.13 0.09 0.09 0.12

Ab1.6 5 0.84 2.33 1.49 0.82 0.83

10 0.27 0.33 0.21 0.19 0.27

15 0.15 0.16 0.11 0.10 0.15
30 0.06 0.06 0.04 0.03 0.06

Aa1.6 5 0.83 2.32 1.63 0.81 0.83

10 0.27 0.33 0.21 0.19 0.27

15 0.15 0.16 0.11 0.10 0.15
30 0.06 0.06 0.04 0.03 0.06



Table 3
Difference in % between the standard deviations obtained by Method 1 and

Method 4, taking 1, 2 and 4 AG data per year, after 5, 10, 15 and 30 years. The

improvement is observed even for high setup noise, except for short and sparse AG

datasets: A decrease in quality up to �18% is observed for Bb4.0 when one or

lesser AG measurements a year are performed for 5 years.

Years Low setup noise 1.6 lGal
Aa1.6, Ab1.6, Ac1.6,

Bb1.6 (%)

High setup noise 4.0 lGal
Aa4.0, Ab4.0, Ac4.0, Bb4.0

(%)

5 3–66 �19–35

10 29–62 7–29

15 30–59 7–25

30 33–66 7–25

Fig. 4. Standard deviations of the retrieved trends for the Methods 1, 2, and 4 and

all cases as a function of time, for an AG sampling rate of 1 data per year, as in

Table 2. Methods 3 and 5 provide similar results as Method 4 and 2, respectively

and are not shown for clarity. For Method 4 all the curves but the green one are

superimposed.
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A comparison with the simulated value shows that this
explains more than 90% of the observed standard deviations,
except for yearly (or less frequent) data for 5 years. The remaining
discrepancies from this model are caused by the random fluctua-
tion of the time sampling, which has more impact in the cases
where little data is available.

If more than one AG is used, and if the gravimeters are not
intercompared, the offsets between the instruments are unknown
and the uncertainty on the AG measurements increases from
1.6 mGal to 4.0 mGal. For Method 4 the ratio between the standard
deviation from the Bb4.0 and the Bb1.6 cases equals 4/1.6¼2.5
(Table 2). The ratio is smaller for the other methods, as their
uncertainty also includes other factors independent of the
setup noise.

Adding AG data always provides an estimator of the trend with
a smaller variance, but, as expected, this improvement decreases
when the AG setup noise increases. In other words, we face a
‘‘garbage in, garbage out’’ situation (Butler et al., 2010).
5. Discussion and conclusions

In this paper, we test different methods for estimating a trend
from the AG data using synthetic data. All the methods that
include both the SG and AG series provide a better trend estimate,
the best one being Method 4. The improvement brought by
Method 5 is not significant, because the non-seasonal climate
signal is not accounted for. We also study the impact of the length
and sampling of the time series, and we determine the precision
of the estimator in each case. Due to the characteristics of the
climate noise and to the fact that we determine the trend, it is
more rewarding to measure for a long time than with a higher
sampling. We also show that, for Method 4, the precision of the
estimation is independent from the amplitude of the annual and
interannual signals; only the AG setup noise impacts the quality
of the estimator. Consequently, the use of more than one AG
reduces the quality of the trend estimation, which becomes even
more dramatic if the AGs are not properly intercompared.

This paper investigates a somewhat ideal situation, as we
suppose that the SG only includes a stable drift and the climate
signal and we remove any additional trends from the red noise or
the climatic signal. In a real situation, the tectonic trend is mixed
with a trend of climate origin; for example, if NAO is considered
only between 1996 and 2011, a trend is found (Fig. 2a). This effect
can be mitigated by using longer time series, which depend on the
climatic context of the gravimeter, as shown by Van Camp et al.
(2010). The present paper demonstrates that Method 4 is best to
estimate the true trend in the gravity measurements, but it does
not help for separating the tectonic trend signal from other
origins. The development shown here could be used in other
situations or instrumental setups, where the same quantity is
monitored using two methods: one relative, very precise, and
continuous, but with unknown stable drift, and one less precise
and sparse, but absolute. In the case of spring gravimeters,
however, the drifts are not as stable as the ones of SGs, especially
for time series longer than a few months (Riccardi et al., 2011;
Kang et al., 2011).
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