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Abstract Terrestrial gravimetry is increasingly used to monitor mass transport processes in
geophysics boosted by the ongoing technological development of instruments. Resolving a particular
phenomenon of interest, however, requires a set of gravity corrections of which the uncertainties have
not been addressed up to now. In this study, we quantify the time domain uncertainty of tide, global
atmospheric, large-scale hydrological, and nontidal ocean loading corrections. The uncertainty is
assessed by comparing the majority of available global models for a suite of sites worldwide. The average
uncertainty expressed as root-mean-square error equals 5.1 nm/s2, discounting local hydrology or air
pressure. The correction-induced uncertainty of gravity changes over various time periods of interest
ranges from 0.6 nm/s2 for hours up to a maximum of 6.7 nm/s2 for 6 months. The corrections are shown
to be significant and should be applied for most geophysical applications of terrestrial gravimetry. From a
statistical point of view, however, resolving subtle gravity effects in the order of few nanometers per square
second is challenged by the uncertainty of the corrections.

Plain Language Summary Many scientists are exploring ways to benefit from gravity
measurements in fields of high societal relevance such as monitoring of volcanoes or measuring the
amount of water in underground. Any application of such new methods, however, requires careful
preparation of the gravity measurements. The intention of the preparation process is to ensure that the
measurements do not contain information about processes that are not of interest. For that reason, the
influence of atmosphere, ocean, tides, and hydrology needs to be reduced from the gravity. In this study,
we investigate how this reduction process influences the quality of the measurement. We found that the
precision degrades especially owing to the hydrology. The ocean plays an important role at sites close
to the coast and the atmosphere at sites located in mountains. The overall errors of the reductions may
complicate a reliable use of gravity measurements in certain studies focusing on very small signals.
Nevertheless, the precision of gravity reductions alone does not obstruct a meaningful use of gravity
measurements in most research fields. Details specifying the reduction precision are provided in this study
allowing scientist dealing with gravity measurements to decide if their signal of interest can be reliably
resolved.

1. Introduction
The high precision of state-of-the-art gravimeters has contributed to their widespread use in geophysics
for measuring spatial and temporal variations of gravity of the Earth. The common denominator of studies
exploiting terrestrial gravity measurements is the relation of gravity variations to mass transport. Besides
the more traditional use of gravimeters in geodesy and geodynamics, for example, to map changes of the
Earth's shape (Plag & Pearlman, 2009), in tectonics (Van Camp et al., 2011), or to assess land uplift due
to glacial isostatic adjustment (Ophaug et al., 2016; van Dam et al., 2017), terrestrial gravimetry is an
emerging monitoring technique in other fields of research. These include monitoring of geothermal fields
(Kao et al., 2014), CO2 storage reservoirs (Sugihara et al., 2017), volcanoes (Carbone et al., 2017; Poland &
Carbone, 2016), evapotranspiration rates (Güntner et al., 2017; Van Camp et al., 2016), preseismic and coseis-
mic changes (Imanishi et al., 2004; Vallée et al., 2017), or the definition of the kilogram (Stock, 2013). Many
more applications of absolute and relative gravity measurements have been reviewed by Crossley et al. (2013)
and Van Camp et al. (2017). Given the ongoing technological advancements in terrestrial gravimetry toward
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smaller, more precise, and more affordable instruments, including the development of new technologies
such as atom quantum instruments (Gillot et al., 2014; Ménoret et al., 2018) and microelectromechanical
devices (Middlemiss et al., 2016), fields of research and application for terrestrial gravimetry can be expected
to grow further in the future.

All applications of terrestrial gravimetry share the common challenge of resolving the signal of interest by
applying a set of time variable gravity corrections. Taken into account should be all other effects that are
part of the integrative gravity measurements due to both mass attraction and Earth's surface deformation.
The standard procedure for reducing the observed signal to gravity residuals of interest comprises Earth
and ocean tides, variations of the Earth orientation parameters, and atmospheric loading (Hinderer et al.,
2015). Especially, if small-scale phenomena are of interest, further corrections for gravity effects of continen-
tal (large-scale) hydrology and nontidal ocean loading should be considered. While there are many models
available for these processes, there is no recommended procedure in which model should be applied to
reduce the gravity observations. This has led to inconsistent approaches among studies so far. For reducing
tides, Tanaka et al. (2013), for instance, used the Baytap program (Tamura et al., 1991); other studies pre-
ferred ETERNA (Wenzel, 1996), for example, in Meurers et al. (2016), or VAV program (Venedikov et al.,
2005), for example, in Arnoso et al. (2011). Much of the same variety can be found even in studies focusing
on identical or similar phenomena, like local water storage changes, where for the correction of global atmo-
spheric gravity effects; some studies (Hector et al., 2015) chose the École et Observatoire des Sciences de la
Terre (EOST) atmospheric loading (Boy & Hinderer, 2006); and others (Creutzfeldt et al., 2013) preferred
Atmacs (Klügel & Wziontek, 2009). Similar examples can by found for continental hydrology and nontidal
ocean loading (e.g., Hector et al., 2014; Mikolaj et al., 2015). In view of differences between the various mod-
els, it often remains unclear to what extent the result depends on the chosen correction model and whether
the signal of interest can be reliably resolved.

The signal of interest can be confidently resolved only if the instrumental precision (or reproducibility),
uncorrected ambient and environmental noise, and the uncertainty of applied corrections allow such con-
clusion from a statistical point of view. The estimation of the instrumental precision requires separation
of the noise sources. This can be done by comparing the gravity records of multiple gravimeters operated
at the same location. Recently presented results in Rosat and Hinderer (2018) obtained after comparing
six superconducting gravimeters (SGs) suggested that the instrumental self-noise can reach 0.003 nm/s2 in
amplitude (or 1 [nm/s2]2∕Hz) power spectral density) at periods between approximately 20 s up to 1 hr. The
noise amplitude increases for daily periods approximately by a factor of 10 (100 for power spectral density).
In the time domain, the SG precision was in Hinderer et al. (2015) estimated to be 1 nm/s2 based on a review
of several studies comparing colocated and dual-shere SG measurements. The long-term precision of SG
records is directly dependent on the reproducibility of FG5 absolute gravimeters used to correct the instru-
mental drift of SGs. The long-term reproducibility of FG5 absolute gravimeters was estimated in Van Camp
et al. (2005) to be at the level of 16 nm/s2. The aforementioned values do not take systematic effects or the
uncertainty of gravity corrections into account.

The aim of this study is to quantify the uncertainty of selected gravity corrections. The uncertainty is assessed
comparing commonly applied correction models. The acquired differences are in accordance with Joint
Committee for Guides in Metrology (2008) used to compute the root-mean-square error (RMSE) charac-
terizing the dispersion of correction models. The results reveal to which extent the correction procedure
contributes to the overall uncertainty of gravity residuals and which are the main components affecting the
resulting uncertainty. For the correction procedure, we follow an average user's perspective who selects one
or another correction model without prior knowledge of the true and actually unknown value. We consider
only those corrections for which a variety of basically indistinguishable models is available, that is, where
a regular user cannot infer a preference for a distinct model from literature. This limits the range of exam-
ined corrections to global atmospheric, tidal and nontidal ocean mass, and large-scale hydrological effects.
Local hydrological effects contributing significantly to the variation of gravity are beyond the scope of this
study. Contributions such as polar motion and length of day are not considered because of the agreement
on correction procedures (Hinderer et al., 2015; Van Camp et al., 2017). Details on the uncertainty of some
gravity processing procedures such as calibration of relative gravimeters can be found in Meurers (2012) and
Van Camp et al. (2016), while the uncertainty of gap fillings and discontinuity corrections are to a certain
extend discussed in Hinderer et al. (2002).
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Figure 1. Location of study sites (map created using Wessel et al., 2013).

In order to cover a broad range of conditions, the correction uncertainty is determined for 11 sites worldwide,
located in a wide range of latitudes, altitude and in all five major climate zones except of polar according to
Kottek et al. (2006) see Figure 1. The sites were selected among the stations of the International Geodynamics
and Earth Tide Service (IGETS; Voigt et al., 2016). Several studies provided information on the combined
instrumental and environmental noise level at these sites (e.g., Rosat & Hinderer, 2011; Van Camp et al.,
2010; Zürn & Widmer, 1995). These studies, however, did not quantify the uncertainty of the corrections that
were applied to reduce the environmental noise. A different approach to assess the uncertainty of long-term
trends in terrestrial gravity measurements was applied in Van Camp et al. (2016) by considering the impact
of water storage estimates of one model or observations (i.e., Gravity Recovery and Climate Experiment)
on the trend estimate. Here we present the statistical uncertainty of a set of gravity corrections commonly
applied to terrestrial gravity observations by comparing correction models that meet criteria as discussed
in the following section. Furthermore, the uncertainty is quantified in the time domain and for temporal
changes in the range between 1 hr and 1 year, and for the long-term trend.

2. Data Sets
To simulate realistic scenarios of the gravity correction procedure that apply to any user for any location
worldwide, the input models of the geophysical processes to be reduced were selected according to the fol-
lowing criteria: (1) cited and widely recognized model, (2) global spatial coverage, (3) sufficient temporal
coverage and resolution, and (4) public availability. The latter criterion includes data sets and software that
is available upon request. Criterion (3) limits the choice of models to those starting at least in 2008 and pro-
viding data continuously until the present. The starting date was constrained by the availability of actual
gravity measurements at the selected sites in the IGETS database. It should be noted, that the actual gravity
time series were needed only as input for tidal analysis programs. The data set and the source code used in
this study is provided in Mikolaj et al. (2019).

2.1. Tides
Three different software packages were used to estimate the tidal parameters, namely, Baytap(08),
ETERNA3.40, and VAV06. All program parameters were set following the recommendation in the respec-
tive user manual. This included the tidal wave grouping with the exception of long-periodic waves (up
to frequency of 0.7215 cycles per day). The latter were not estimated because of the unknown parame-
ters such as instrumental drift and steps that affect the actual low-frequency variations. The hourly gravity
time series of superconducting gravimeters were obtained after downloading from the IGETS database
(isdc.gfz-potsdam.de/igets-data-base/, access date 5 March 2018, Boy et al., 2017; Förste et al., 2016;
Wziontek et al., 2017). Hourly time series were used for all sites except of Djougou and Cibinong, where these
were not available. At these sites, 1-min data were downloaded, calibrated using parameters in the input
file header, filtered, and resampled to hourly values. Table S1 in the supporting information shows the time
interval entering the tidal analysis at each site. In situ pressure recordings were also used in the tidal anal-

MIKOLAJ ET AL. 2155



Journal of Geophysical Research: Solid Earth 10.1029/2018JB016682

ysis assuming linear relation between gravity and pressure. To remove the unknown low-frequency effects,
for example, instrumental drift, the input time series were high-pass filtered prior to the tidal analysis using
a finite impulse response filter proposed in the ETERNA3.40 user manual with a cutoff frequency of 0.583
cycles per day. Time series prepared in such manner were then used as input in all three programs using
identical tidal potential development and other settings for each site. The three sets of estimated tidal param-
eter were then used to predict the tidal signal at each site for the common time period starting 1 January
2008 to 31 December 2015 using TSoft (Van Camp & Vauterin, 2005). Thus, the measurements were
used only to derive the tidal correction models. The uncertainty was assessed by comparing all available
correction models without considering the actual gravity measurements.

2.2. Large-Scale Hydrology
The large-scale hydrological effects from continental water storage variation were computed with seven
global hydrological models, namely, four land surface models (CLM, MOS, NOAHv21, and VIC) of the
GLDAS model (Rodell et al., 2004), ERA Interim (Dee et al., 2011), MERRA-2 (Gelaro et al., 2017), and
NCEP-DOE Reanalysis 2 model (Kanamitsu et al., 2002). The simulated storage variations were converted to
gravity effects using the mGlobe toolbox (Mikolaj et al., 2016; download at github.com/emenems/mGlobe,
access date 28 February 2018). The large-scale hydrological effects were computed for points with spheri-
cal distance greater than 0.1◦ from the study site. Mass conservation was enforced by applying a uniform
layer over the ocean determined by total model mass deficit or surplus as compared to the long-term aver-
age. Spurious steps in MERRA-2 and a peak in NCEP-DOE Reanalysis 2 that occurred when enforcing mass
conservation were corrected. To suppress the impact of unreliable data of global hydrological models in
Antarctica and Greenland, all mass variations in these regions were set to 0. Due to the minimal effect of the
temporal resolution on the result (standard deviation below 0.1 nm/s2), the large-scale hydrological effects
were computed for all models with 24-hr time resolution and resampled to hourly resolution afterward.

2.3. Nontidal Ocean Loading
The nontidal ocean loading effects were acquired from EOST Loading Service (Boy et al., 2009) utilizing
ECCO-JPL (Fukumori, 2002), ECCO2 (Menemenlis et al., 2008), and TUGOm (Loren & Florent, 2003)
models (download at loading.u-strasbg.fr, access date 28 February 2018). In addition, nontidal ocean mass
variations of the OMCTv06 model (Dobslaw et al., 2017) were converted to their gravity effect using mGlobe.
Identical minimal integration radius of 0.1◦ from the study site and maximal available model tempo-
ral resolution was used in all cases. Linear interpolation was used to resample all time series to hourly
resolution. Further details on the effect of the interpolation method on the uncertainty can be found
in Mikolaj et al. (2016).

2.4. Global Atmosphere
Empirical or physical approaches can be followed to correct the atmospheric effect on gravity. The empiri-
cal approaches called also single admittance utilize in situ air pressure observations converted to a gravity
effect by assuming linear relation between these variables. This approach can be further refined by intro-
ducing a dependence of the admittance factor on the frequency of the pressure variations (Crossley et al.,
1995). As shown in Hinderer et al. (2014), the estimated frequency dependence can be modeled using mass
variation output of a physical atmospheric model. The advantage of global atmospheric models is that the
computed gravity corrections account also for atmospheric processes occurring far beyond the regional zone.
Merriam (1992) showed that single admittance can account for only around 90% of the total atmospheric
effect. Hence, the second approach based on modeling of global atmospheric mass variation is analyzed in
this study. The disadvantage of global models is the lower temporal resolution compared to in situ pres-
sure, potentially leading to insufficient modeling of processes at shorter periods. This issue is addressed in
a separate analysis combining in situ pressure with global models as recommended in the Atmacs model
(atmacs.bkg.bund.de/data/, last access date 2 July 2018; Klügel & Wziontek, 2009) and Mikolaj et al. (2016).

The main analysis outlined in section 3 uses following corrections: The EOST service provides global
atmospheric effects utilizing European Centre for Medium-Range Weather Forecasts (ECMWF) Opera-
tional and ERA Interim models. The latter model was also utilized for an independent computation using
mGlobe as, unlike in case of hydrological and oceanic effects, the computation approaches of EOST (2-D)
and mGlobe (3-D) differ. Maximal model temporal resolution and the inverted barometer assumption
(Egbert & Erofeeva, 2002) was adopted to separate oceanic and atmospheric loading. Linear interpolation
was used to resample global corrections to hourly samples that then entered the main uncertainty analysis.
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The Atmacs global model was used in addition to the three main models to assess the effect of model spatial
resolution on the uncertainty of the correction. The Atmacs model (Klügel & Wziontek, 2009) did not enter
the main global analysis because criterion (3) was not met (starting in February 2010 or 2012, see Atmacs
global model at atmacs.bkg.bund.de/data/, access date 2 July 2018). The discontinuities of the Atmacs model
caused by the change of the input weather forcing data were removed using mean difference to both ECMWF
Operational and Interim models.

The separate aforementioned analysis combining in situ pressure with global model was carried out only
at 9 of the 11 study sites where global model data overlapped with available in situ pressure observa-
tions (see Table S1 in the supporting information). A single admittance factor equal to −3.0 nm∕s2·hPa−1

was applied to account for the differences between in situ and model pressure data, called pressure resid-
uals. The choice of the admittance factor affects the uncertainty. A more objective estimation of the
admittance factor would require local digital elevation as suggested in Mikolaj et al. (2016). The pressure
residuals multiplied by the admittance factor were added to the total correction that was computed using
each global atmospheric model.

3. Methods
The uncertainty of the correction models was addressed both in terms of the uncertainty at any point in time
(nondifferential mode) and the uncertainty of gravity differences (differential mode). The latter refers to
many time domain applications of terrestrial gravimetry where the relative gravity change over a certain time
is of major interest to, for example, quantify the change of mass in given interval. These time intervals are
hereafter denoted as periods of interest. Furthermore, the uncertainty of the long-term trend was estimated
by looking at the slope of a degree 1 polynomial fitted to the deviation between models. The uncertainty
of trend estimation in absence of the hydrological correction is discussed in Van Camp et al. (2010, 2016).
In the differential mode, each period of interest was separated from the previous one (with shorter period)
by an antialiasing zero-phase low-pass filter (see supporting information Figure S1). Due to the need for
an efficient number of filter coefficients and the corresponding edge effect, the filtered time series were
shortened to 4 years in the differential mode. The differences were then computed for a set of periods of
interest ranging from 1 hr up to 1 year. The maximal analyzed period of interest in the analysis combining in
situ pressure and global atmospheric model was set to 2 weeks. This limitation reflected the gaps in pressure
observations, preventing efficient application of antialiasing filters for long periods. To ensure that the two
uncertainty modes can be directly compared, an identical time span was used to compute the uncertainty
indicators in the nondifferential mode. This did not not apply to the assessment of the long-term trend where
the full 8-year-long time series were used.

In the following, the differences between correction models affecting their uncertainty are denoted as devi-
ations. The deviations were computed at each site in a loop, selecting one reference (i.e., one particular
combination of tides, nontidal ocean, hydrology, and atmosphere models taken as the virtual true correc-
tion) and one alternative (another combination of the four component models). The alternative was then
subtracted from the reference, resulting in a time series of deviations. This loop was repeated for all unique
combinations. Combinations leading to zero deviations due to the identical reference and alternative mod-
els were not treated as unique. Nonetheless, combinations that result in zeros for individual components
(e.g., because the same hydrological model was taken) but nonzero deviations for the full correction were not
excluded. This approach allows for selecting combinations where only one component (correction) affects
the deviations. Thus, the simplified rule of uncorrelated uncertainty propagation can be applied to esti-
mate the arbitrary combination of components. Combinations leading to deviations with opposite sign were
treated as identical, that is, used only once in computing uncertainty indicators. These criteria led to 13,695
combinations at each site considering all four components. As a measure of uncertainty, the RMSE of the
deviations was computed. Provided here are the averaged RMSE values over all combinations. Similarly, the
mean absolute error (MAE) was computed as an additional uncertainty indicator (results presented in the
supporting information). Due to the subtraction of mean value of deviations prior to uncertainty analysis,
the RMSE is in essence identical to standard deviation. Only negligible differences were observed between
the averaged RMSE and standard deviation caused by the application of filters after mean subtraction in the
differential model. Figure 2 summarizes the complete work flow of the global uncertainty analysis applied
at each study site.
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Figure 2. Uncertainty analysis work flow diagram for a single site. EOST = École et Observatoire des Sciences de la
Terre; IGETS = International Geodynamics and Earth Tide Service; MAE = mean absolute error;
RMSE = root-mean-square error.

To assess the significance of each correction in relation to its amplitude, ratios between the nondifferential
RMSE and the peak-to-peak amplitude of the correction were computed. Figure S1 shows the mean ampli-
tudes (half the peak-to-peak range) of each effect in the frequency domain. The time domain amplitude
as well as the nondifferential RMSE were computed as a mean over all available models for the respective
correction. Any correlation in this study is expressed in terms of the Pearson correlation coefficient.

4. Results
The uncertainties of the correction models in the nondifferential mode are shown in terms of RMSE and
for the long-term trend in Figure 3. Results for MAE are shown in Figure S2. The uncertainties of the tidal
corrections are the smallest among all components. The mean RMSE value over all sites lies in case of tides
below 0.6 nm/s2. The mean RMSE of nontidal ocean loading effect equals 1.7 nm/s2, 2.6 nm/s2 in case of
atmosphere, and 3.8 nm/s2 for large-scale hydrology.

Above-average RMSE values of the nontidal ocean loading effect are anticorrelated with the site distance
to the ocean (r = −0.8, p value = 0.003). The distance of the above-average RMSE sites Cibinong, Mat-
sushiro, Metsahovi and Concepción to the coastline is below 63 km and only 11 km for the latter two
sites with the highest uncertainty. Accordingly, the uncertainty of the nontidal ocean loading correction
is smallest (below 1 nm/s2) for sites far from the coastline such as Lhasa and Apache Point. These two
sites show the highest uncertainty related to correction of atmospheric effects. This uncertainty is mainly
driven by one outlying model, namely, ECMWF Operational (Figure 3e). With the exception of Metsa-
hovi, all sites showing this feature (Apache Point, Lhasa, and Sutherland) are located in high altitude
(Table 1). As shown in Mikolaj et al. (2016), the low resolution of ERA Interim leads to insufficient model-
ing of atmospheric masses close to the actual topography of the Earth. This effect is minimized combining
atmospheric model parameters with in situ pressure observations leading to decreased RMSE with the
exception of Metsahovi as shown in Figure 5a. Thus, the increased uncertainty at Metsahovi is related to dis-
crepant modeling of atmospheric circulation patterns in the particular region rather than to the topographic
effect. Overall, the inclusion of in situ pressure decreases the mean RMSE (computed for all 11 sites) from
2.6 to 1.4 nm/s2 (computed for nine sites).

The highest contribution to the total uncertainty comes from large-scale hydrology. The mean
site-dependent RMSE ranges from 1.4 nm/s2 (Sutherland) to 6.4 nm/s2 (Metsahovi) and reaches a maximum
of 11.6 nm/s2 (Djougou) for individual combinations. Similarly to the nontidal ocean loading effect, the
uncertainty correlates with the mean peak-to-peak amplitude of the correction (r = 0.92, p value < 10−5).
In addition, the RMSE for large-scale hydrology correlates with latitude (r = 0.71, p value = 0.015), indi-
cating higher uncertainties in the gravity residuals after hydrology correction in higher latitudes. Due to
the major contribution of large-scale hydrology, significant correlation with latitude also translates to total
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Figure 3. Correction uncertainties in nondifferential mode expressed as RMSE (a, c, e, g, i) and for the long-term trend
(b, d, f, h, j) for each study site (columns), for each component (rows), and for the combined uncertainty from all
components (lowest row denoted as “all”). Boxes mark the first and third quartiles of all possible combinations;
whiskers show the range, median in orange, and mean in green. The gray-line is the mean over all sites.
RMSE = root-mean-square error.

uncertainty (r = 0.78, p value = 0.005). At 4 out of 11 sites, the maximum RMSE exceeds 10 nm/s2 with an
absolute maximum of 13.7 nm/s2. The overall mean RMSE over all sites and corrections equals 5.1 nm/s2.

At none of the sites and for none of the corrections, the ratio between the RMSE and the peak-to-peak
amplitude exceeds 30%. Minimal ratios close to 0 were found for tides. On average, the ratio between the
RMSE and peak-to-peak amplitude for atmosphere equals 3.0%, 15.9% for nontidal ocean loading, and 18.0%
for large-scale hydrology. Hence, the peak-to-peak amplitude of the modeled continental hydrological effect
is on average 5 times higher than its uncertainty underlining the significance of the correction despite the
increased RMSE. A list of all ratios can be found in Table 2.

The nondifferential results for long-term trends (Figures 3b, 3d, 3f, 3h, and 3j) imply that the deviations
between models do not have systematic effects on the trend of corrected gravity. The effect on the trend is on
average close to 0 for all sites and corrections. The trend for tides, nontidal oceanic and atmospheric loading
is insignificant also when looking at individual model combinations. Only the large-scale hydrology seems
to affect the long-term trend for some combinations, with a maximum effect within ±4 nm∕s2·year and the
zero line within the first and third quartiles (Figures 3h and 3j).

Uncertainties of correction models in the differential mode are shown in terms of RMSE in Figure 4 and
for MAE in Figure S3. For the sake of clarity, these figures present only the mean value over all combina-
tions of the respective correction components at the given periods of interest. Like in the nondifferential
mode, tide models play only a minor role for total uncertainty. This applies especially to the uncertainty
assessed by comparing the individual tidal models as presented in this study. Actual environmental sig-
nals such as evapotranspiration may still interfere with tides, leading to systematic effects that are not
reflected in the uncertainty values estimated here. The RMSE reaches a maximum of 1.5 nm/s2 at 12 hr
in Cibinong. For the same period, the minimum RMSE lies at 0.6 nm/s2 in Djougou. The mean over all
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Table 1
Study Sites

Site Position
Name ID 𝜆 (◦) 𝜙 (◦) H (m) Climatea Coastb

Apache Point AP −105.82 32.78 2788 Cfb 706
Cantley CA −75.8 45.59 269 Dfb 108
Canberra CB 149.0 −35.32 763 Cfb 116
Cibinong CI 106.85 −6.49 138 Af 43
Djougou DJ 1.61 9.74 483 Aw 385
Lhasa LH 91.04 29.65 3600 BSk 670
Matsushiro MA 138.20 36.54 451 Cfa 63
Metsahovi ME 24.10 60.22 56 Dfb 11
Pecny PE 14.79 49.91 535 Cfb 410
Sutherland SU 20.81 −32.38 1791 BSk 219
Concepción TC −73.03 −36.84 156 Csb 11
a Derived after Rubel et al. (2017). b Distance (km) to coastline computed using Natural Earth
website (naturalearthdata.com).

worldwide sites equals 1.1 nm/s2 (Figures 6 and S4). Tidal waves with a period larger than 33 hr were
not considered here because of the unknown instrumental effects interfering with the long-periodic tidal
waves (RMSE equals 0 in Figure 4a). The nontidal ocean loading correction affects the uncertainties of
gravity changes across all periods of interest. The RMSE does not exceed 2 nm/s2 for most sites and peri-
ods of interest. This value is exceeded only at three sites close to the coastline (Matsushiro, Metsahovi, and
Concepción). The mean RMSE reaches a maximum of 1.6 nm/s2 at 48-hr period. The uncertainty of the
global atmospheric correction on gravity in the differential mode shows several local maxima. These max-
ima highlight the different dominant atmospheric processes at the different sites. At Cibining, Djougou,
Sutherland, and Lhasa, the atmospheric mass transport is driven mainly by solar atmospheric tides S2 and
S1. Discrepancies in modeling approaches of these phenomena by different atmospheric models leads to
increased uncertainty. In turn, clear maximum RMSE of 3.7, 2.6, and 1.8 nm/s2 is found at 6 hr for the
former three sites and 3.2 nm/s2 at 12 hr in Lhasa. The maximum uncertainty lies at the half of the domi-
nant period because deviations of gravity changes in time are assessed in the differential mode. Therefore,
a deviation with a clear 24-hr period will lead to high uncertainty for 12-hr differences, computed in the

Table 2
Ratio of RMSE and Peak-to-Peak Amplitude of the Corrections (Rounded to
One Decimal Place)

Site ID Tide (‰) ntola(%) atmob(%) hydroc (%)
AP 0.2 14.7 5.2 17.2
CA 0.2 17.6 0.9 14.4
CB 0.2 14.0 1.2 17.3
CI 0.3 12.9 8.2 17.5
DJ 0.1 15.6 5.3 18.0
LH 0.2 17.1 3.9 22.5
MA 0.2 17.2 1.3 26.8
ME 0.2 16.2 1.2 18.2
PE 0.2 15.6 1.0 13.6
SU 0.2 13.3 3.0 20.4
TC 0.2 20.6 2.0 11.6
Meand 0.2 15.9 3.0 18.0
aNontidal ocean loading. bAtmosphere. cContinental hydrology. dAverage
over all sites.
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Figure 4. Correction uncertainties in differential mode, for each study site and each component (a–d) and for the
combined uncertainty from all components (e). X axis is in logarithmic scale. RMSE = root-mean-square error.

worst case from the difference at the maximum and minimum of a periodic oscillation. An identical phe-
nomenon is observed for large-scale hydrological corrections with a dominant 12-month period. For the
remaining sites, local maximum can be found between 6 hr to 5 days ranging from 1.7 nm/s2 (Pecny) to
3.6 nm/s2 (Metsahovi) and a mean maximum value over all sites of 2.1 nm/s2 around 72 hr (Figure 6). The
combination of a global atmospheric model with in situ pressure data reduces the uncertainty at all site
and for all analyzed periods of interest with the exception of Metsahovi at periods of around 1 week (see
Figure 5b). On average, the RMSE in the differential mode is reduced after inclusion of in situ pressure by
a factor of 2.4. The uncertainty related to the correction of the large-scale hydrological effect shows a dis-
tinct maximum at 6 months and exceeds 10 nm/s2 at one site (Djougou). The mean maximum RMSE for
large-scale hydrology over all sites equals 5.9 nm/s2. The total uncertainty in the differential model over all
sites and corrections (Figure 6) is dominated by the large-scale hydrology with maximum of 6.7 nm/s2 at
the 6-month period. The total RMSE exceeds 2 nm/s2 at all periods longer then 5 hr. The minimum uncer-
tainty of 0.6 nm/s2 is found for hourly gravity variations owing especially to the atmospheric correction.
This value is reduced to 0.2 nm/s2 if the correction is computed by combining the in situ pressure data with
the global model.

5. Discussion
The comparatively high uncertainty of the atmospheric correction is mainly caused by the deviation between
ERA Operational and Interim in high-altitude regions. The prioritization of high-resolution models one may
argue for, however, does not necessarily lead to more trustful results. The uncertainty in terms of RMSE is not
reduced when replacing the correction based on ERA Interim model by the Atmacs correction, which makes
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Figure 5. Nondifferential (a) and differential mode (b) RMSE of the
atmospheric correction computed combining in situ pressure and global
model at selected study site. See Figures 3 and 4 for legend and other
details describing the (a) and (b) plots, respectively.

use of a high-resolution weather model similar to ERA Operational (see
Figure S5 in supporting information). This example underlines the inher-
ent difficulty to assess which correction model might performance best
at a certain study site. Unless all corrections are taken into consideration,
criteria such as reduction of residuals used in similar studies (e.g., Xu,
2017) cannot by reasonably employed in case of terrestrial gravity mea-
surements. This can be illustrated for underground gravity sites where
the local hydrology interferes with large-scale signals and any correction
of large-scale effects leads to increased variability of residuals regardless
of the precision of the used model (Longuevergne et al., 2009). Different
criteria for model performance, such as choice of model closest to over-
all mean, are also problematic, especially because of systematic errors.
Any model-specific deficits, for example, missing groundwater compart-
ment in hydrological models, the tidal wave grouping, nonconsideration
of long-periodic tides, choice of pressure admittance, or quality of grav-
ity series preprocessing (gap filling, discontinuity correction, etc.), are
not reflected in the uncertainty indicators. Furthermore, the estimated
uncertainties reflect the dispersion among the models used here within
the studied period. Any new development of correction models may lead

to new estimates. The dispersion of the atmospheric corrections is significantly reduced when combining
global model with in situ pressure. Such an approach tends to diminish the model discrepancies toward
a given reference (in situ pressure) without knowledge of the true total atmospheric gravity effect. Thus,
the results do not describe the absolute precision of gravity residuals but rather the precision of corrections
assessed using state-of-the-art global models available to users worldwide.

Uncertainty assessed in this manner is limited by the rather small number of study sites. The low number of
IGETS sites needed for the tidal analysis, especially in latitude range ±20◦, manifests itself in clustering of
the RMSE due to large-scale hydrology correction into the two groups prominent in Figure 4d. Nevertheless,
the study sites cover an extended latitude and altitude range, distance to coastline, all continents and climate
zones with the exception of polar region. Hence, the extreme values are well represented by the character-
istic sites of the respective region. The use of regional models that assimilate local observations might be
advisable in certain regions, for example, at Metsahovi with distinct nontidal and atmospheric effects in the
Baltic Sea. These models should, however, be combined with large-scale models to account for global mass
transport processes, especially when using high-precision superconducting gravimeters capable of detecting
such phenomena.

Depending on the field of research, the uncertainties in gravity units (nm/s2) obtained here can be con-
verted to units of interest, such as kilograms of water or millimeters of land uplift, using gravity modeling,
or they can be directly compared to the expected signal amplitudes of interest, as listed in the review article
of Van Camp et al. (2017). Such comparisons show that the uncertainty related to gravity corrections does
not hinder the resolution of substantial effects of interest in most of the research fields including hydrology,
volcanology, reservoir monitoring, or local subsidence, all exceeding tens of nanometers per square second.
However, subtle effects in the order of few nanometers per square second, that is, on the lower part of the

Figure 6. Correction uncertainties in differential mode, computed as mean over all study sites for each component
(combined contribution denoted as “all”) using global atmospheric correction without in situ pressure. X axis is in
logarithmic scale. RMSE = root-mean-square error.
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expected signature level, will be difficult to be resolved. This is because of the uncertainty of the gravity
corrections adding to the instrumental precision (see section 1). Therefore, a meaningful use of gravime-
ters in studies focusing on subtle changes requires employment of advanced processing techniques such as
stacking, filtering, or use of additional constrains suppressing random errors, for example, as employed in
Güntner et al. (2017) and Van Camp et al. (2016).

6. Conclusions
The uncertainty of terrestrial gravity correction models for tides, atmospheric, large-scale hydrological, and
nontidal ocean loading effects was assessed using a large set of available global models. The presented val-
ues can be used to estimate the correction-induced uncertainty in cases where users apply one or all of the
mentioned corrections in order to reduce the environmental effect on observed gravity. The obtained RMSE
at 11 sites worldwide equals 5.1 nm/s2. This value gives the average uncertainty that affects gravity resid-
uals without taking local corrections of hydrology or in situ pressure into account. The estimate does not
include other random and systematic errors such as instrumental effects or near-field noise. The uncer-
tainty varies significantly with location and is correlated to geographical latitude owing especially to the
large-scale hydrological effects. Depending on the study site, the uncertainty can range from 3.5 nm/s2 up
to a maximum of 8.0 nm/s2. A high negative correlation has also been found between the site distance to
the ocean and the uncertainty due to nontidal ocean loading correction. The total correction uncertainty
is mainly driven by the deviations between large-scale hydrological models with 3.8 nm/s2, as compared
to 2.6, 1.7, and 0.6 nm/s2 for global atmospheric, nontidal ocean loading and tides correction, respectively.
For many studies focused on quantifying mass changes over time, the uncertainty of gravity differences in
time are of interest. We have studied differences between 1 hr up to 12 months and found that the hourly
differences show the lowest uncertainty in terms of RMSE equal to 0.6 nm/s2. The analysis using global
models shows that the uncertainty of differences longer than 5 hr exceeds on average 2 nm/s2 and reach a
maximum of 6.7 nm/s2 for intervals of 6 months. This implies that observing seasonal mass variations by
terrestrial gravimetry is burdened with highest correction uncertainty. The overall and the atmospheric cor-
rection uncertainty are reduced to 4.4 and 1.4 nm/s2, respectively, if global models are combined with actual
in situ pressure observations. Such approach also affects the uncertainty of gravity differences, reducing the
RMSE to 0.2 nm/s2 for hourly estimates, for instance.

Small to negligible systematic uncertainties on the long-term trend were found. The ratio between the ampli-
tude of the correction and the RMSE (equivalent to standard deviation 𝜎) shows that the peak-to-peak
amplitudes are in most cases at least 5 times higher than the uncertainty. This indicates that the correc-
tions should be, from statistical point of view, taken into consideration despite their uncertainty. Overall,
the results of this study demonstrate that substantial mass changes associated with a diversity of geophysi-
cal processes can be confidently resolved by terrestrial gravimetry even though necessary signal corrections
impose nonnegligible uncertainties. Thus, any direct resolution of subtle gravity changes in the order of few
nanometers per square second might be hindered by the total uncertainty composed of the instrumental and
correction precision. Consequently, advancing to higher-precision gravimetry application is not only subject
of further technological development of the gravimeters themselves but also of improving the representation
of mass transport processes in various components of the Earth system and at various spatial scales.
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