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Time series of superconducting gravimeters and water storage variations from the

global hydrology model WGHM

H. Wziontek*?, H. Wilmes?, P. Wolf*, S. Werth®, A. Giintner®

%Federal Agency for Cartography and Geodesy (BKG), Richard-Strauss-Allee 11, 60598 Frankfurt am Main, Germany
b Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany

Abstract

The gravimetric time series achieved from the combination of superconducting and absolute gravimeters are characterized
by highest precision and long-term stability. If the effects of Earth and ocean tides, atmosphere and polar motion are
removed, the residual curve is dominated by hydrological mass variations. A major source of these variations is water
storage changes in the vicinity of the sensor. However, global variations contribute to the signal significantly. For three
stations of superconducting gravimeters, a comparison of the principal components obtained from the residual gravity
curve on the one hand and continental water storage from the WaterGAP Global Hydrological Model (WGHM) on the
other hand is carried out. The results demonstrate a coherence of seasonal variations but a difference in the contribution
of the local zone at the individual stations, which point out the need for a careful and site-specific examination of local

effects.
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1. Introduction

Since several decades, starting with Bonatz| (1967)), it is
well known, that besides atmospheric effects, water storage
changes affect high precision gravimetric measurements
significantly. While several proven methods exist to re-
duce atmospheric effects reaching from simple barometric
admittance to three-dimensional modeling based on oper-
ational weather models (Warburton and Goodkind, (1977,
Merriam| [1992, [Kroner and Jentzschl (1999, Neumeyer et al.|
2004, Kliigel and Wziontek] |2009), the contribution of hy-
drological variations is much more difficult to describe. Ini-
tially treated as a disturbing effect in the analysis of the
Earth and ocean tides and the interpretation of long-term
gravity changes, this signal is considered today as valu-
able information to quantify mass changes of the system
Earth, to verify and improve models describing such pro-
cesses or to supplement and validate other time-variable
gravity field observations, e.g. results from the GRACE
satellite mission (Neumeyer et al.l {2008, |Weise et al., 2009).
Further on, the quantification of such mass variations is a
prerequisite to infer height changes from gravity changes
complementary to the results of geodetic space techniques.

Since the gravimeter is an integrating sensor, it is not
possible to discriminate between different accelerating sour-
ces. Therefore, the analysis of a single effect presumes a
sufficiently accurate modeling and elimination of all other
relevant influences, which can be assumed for the main
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time-variable constituents originating from Earth and ocean
tides, polar motion and atmospheric effects. By a compari-
son with the WaterGAP Global Hydrology Model (WGHM)
(Doll et al.l [2003) it will be examined, if variations visible
in gravimetric time series of superconducting gravimeters
(SG) are coherent with global and regional hydrological
variations and a first estimate on the magnitude of site-
specific local effects will be given.

2. Impact of hydrology induced mass effects on
gravity

In general, hydrological mass variations are a global
phenomenon and cause two effects, direct attraction ac-
cording to Newton’s law of gravitation and deformation
due to the changing load on the Earth’s surface. Since
the magnitude of gravitational attraction diminishes with
the square of the distance to the attracting masses, small
variations in the vicinity of the sensor have a large im-
pact on the observation. Although the gravimeter is only
sensitive to the attraction component in vertical direction,
mass changes in close vicinity of the sensor have consider-
able effect. In|Creutzfeldt et al.| (2008) it is demonstrated
that up to 90% of the gravitational effect of a water layer
with constant thickness located below topography over an
area of several kilometers originates from sources within
a distance of only a few 100 m around the computation
point. Such influences will be denoted as local effects and
arise primarily from changes in the local water storage.
The area including all significant local gravity effects will
be called near-zone. If this zone is divided into concentric
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Figure 1: Contribution of zones of different size to the gravitational effect induced by a water layer of 1 m thickness.

regions of increasing size around the computation point,
the attraction effect for each region can be calculated by,
e.g. an integration over elementary bodies, which yields
a dependency on the size of the region as shown in fig-
ure

To demonstrate the influence beyond this zone, a sphe-
rical shellll of water with constant thickness of 1 m was
divided into spherical ring zones concentric to the point of
computation. The attraction effect of each zone was cal-
culated using the analytical expressions given in |[Heck and
Seitz| (2007) with respect to a point located close to the
outer surface. Again, the main contribution results from
the innermost zone which is almost equivalent to the effect
of a Bouguer plate, since topography is neglected (Fig-
ure . However, the remaining parts contribute sig-
nificantly, doubling the entire effect, as already discussed
by |Vanicek et al.| (2001). Therefore, the attraction effect
should be considered in general as a global feature.

Deformation due to hydrological loads is primarily a
global effect, as demonstrated by Llubes et al.| (2004])) for a
homogeneous load, while for an inhomogeneous load dis-
tribution it tends more to be a regional feature, as will be
discussed in section [l

In conclusion, the calculation of gravity effects induced
by hydrological mass changes will be divided into a near-
zone up to a size of several kilometers and an outer zone
to account for remaining parts of regional and global char-
acteristics.

3. Gravimetric times series

The basis of this study is the time series from SGs oper-
ated by BKG at three central European stations. The reg-
istrations cover the period 2000-2007 for stations Wettzell
(WE, Germany) and Medicina (MC, Italy) and 2002-2007
for station Bad Homburg (BH, Germany). As a common
feature, these stations are located above ground. Most

Lor Bouguer shell

water storage changes take place below the gravimetric
sensor, except for minor influences due to the surrounding
topography or buildings.

The interpretation of small signals with annual ampli-
tudes of 100 nm/s? and below calls for gravity time series
of highest precision and long-term stability. The combi-
nation of records from SG with colocated absolute grav-
ity measurements is the only terrestrial gravimetric tech-
nique to fulfill these requirements. After careful prepro-
cessing (elimination of disturbances, steps and outliers),
the method described in Wziontek et al.| (2008)) was used
to determine zero reference drift and scale of all three SG
as well as checks of the absolute gravimeters at all stations.
A tidal analysis for constituents up to monthly tides of
the Moon (Mm) was performed to model Earth tides after
applying atmospheric corrections based on models of the
German Weather Service (DWD) (Kliigel and Wziontekl,
2009)) and reduction for polar motion. For comparison rea-
sons, ocean tidal loading based on FES 2004E| was removed
further instead of analyzing the total tidal effect. The re-
sidual time series as shown in figure [2| are now assumed
to be primarily characterized by hydrological variations.
Despite a time shift, the curves for BH and MC show re-
markable similarity in their seasonal patterns, while signif-
icant larger annual and inter-annual variations are visible
at station WE.

4. Gravity effects from the WaterGAP Global Hy-
drology Model

The WaterGAP Global Hydrology Model (WGHM)
(Doll et al., [2003)) is a conceptual water balance model that
simulates the continental water cycle at a spatial resolu-
tion of 0.5°. Water storage compartments represented in
the model include interception, soil water, snow, ground-
water and surface water (rivers, lakes, wetlands). WGHM

2 using the ocean tide loading provider by M.S. Bos and H.-G. Sch-
erneck: http://www.oso.chalmers.se/~loading/
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has been widely used to analyze spatio-temporal variations
of water storage globally and for large river basins
. In this study, the latest WGHM version
as described in [Hunger and Déll (2008) is used with mo-
del calibration against observed river runoff at 1235 dis-
charge stations worldwide. WGHM is driven with monthly
precipitation data from the Global Precipitation Clima-
tology Centre (GPCC) (Rudolf and Schneider} 2004) and
air temperature, radiation, and number of raindays within
each month from the European Centre for Medium-Range
Weather Forecast (ECWMF) operational forecasts.

For the period 2000-2007, direct attraction and load-
ing effects induced by the mass changes from WGHM were
calculated for the SG sites, adding the contribution of
each individual model cell. Total water storage variations
were used, except for the near-zone. Here, surface water
changes from the relatively coarse model cannot be consid-
ered as representative for local attraction effects and were
therefore excluded to avoid bias. Especially if the cell con-
taining the computation point includes large streams like
the river Po for station Medicina, this turned out to be
important.

To compute the attraction effect, most of the cells can
be represented simply by point masses, but in the vicinity
of the computation point the spatial extent of the volume
elements must be taken into account. Thus, the near-zone
was approximated by a planar model and the gravitational
effect of the respective cells was computed by integration
over rectangular homogeneous prisms (Mader} 1951, Nagy,
[1966. [Forsberg, [1984)), since topography was not incorpo-
rated in this first investigation. Tests showed that it is
sufficient to include only WGHM cells within a radius of
50 km in the near-zone. As expected, the effect of the
near-zone dominates the signal, but loading and global at-
traction contribute significantly (Figure (3)).

The loading effect was calculated based on the well
known Green’s functions approach with co-
efficients given by |Guo et al| (2004, table 2). The at-
traction part contributes globally with large variations in

SG residual curves
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Figure 2: Residual gravity time series for stations Bad Homburg

(BH) in dark grey, Medicina (MC) in light grey and Wettzell (WE)
in black for the period 2000-2007.

the contribution of individual regions (Figure . Far dis-
tant masses may contribute even with opposite signs (Fig-
ure . A significant difference of up to 4 nm/s? arises
if cells beyond a radius of 1000 km are omitted, which un-
derlines the necessity of a global computation. The main
loading effect is generated by masses in the range of 50 to
3000 km and decreases rapidly for farther distances (Fig-
ure . While the magnitude changes with time,
the distribution across the sections is preserved. Due to
the irregular coverage of hydrological masses, this distribu-
tion is noticeably different from the load of a homogenous
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Figure 3: Gravity effects due to water mass variations from WGHM
resulting from Newtonian attraction in the near-zone (dot-dashed
line, reversed triangles), in remaining global continental cells (dotted
line, upright triangles) and from deformation (grey line, diamonds)
for the period 2000-2007.
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Figure 4: Effects of gravitational attraction of the outer zone and loading effect as obtained from WGHM in relation to distance from point
of computation (in km) for station Bad Homburg (BH). Displayed are the contribution of individual regions (bars) and the cumulative effect

(curve).

layer as given in |Llubes et al.| (2004]).

Although the global effects are quite similar for all
three stations, the near-zone attraction effect shows con-
siderably more singular behaviour for the different sta-
tions. This can be attributed to the site-specific meteo-
rological and hydrological conditions at each station (Fig-
ure [3)).

5. Comparison of modeled gravity signal with re-
sidual time series from SG

To compare the gravity effect resulting from the pre-
vious section with the SG residual time series, the differ-
ent temporal and spatial resolution has to be considered.
While WGHM gives monthly mean values on a grid size
of roughly 50 km, SG time series are available with a sam-
pling rate of 5 min as point observations. Obviously, a
generalization of the SG residual curve is needed for com-
parison. Singular spectrum analysis (SSA), an approach
based on principal component analysis (PCA) applied in
the time domain was used (Vautard and Ghil, (1989, |Vau-
tard et al., 1992, |Golyandina et al., [2001). The time series
is decomposed with a window into a sequence of lagged
vectors which form a trajectory matrix. Its eigenvectors
are called temporal empirical orthogonal functions (EOF).
Projection of the time series onto each EOF yields the cor-
responding temporal principal components (PC). The four
main components were used to reconstruct the signal. The

results are presented in figure [f] together with the gravity
effects of the outer zone and the total effect (including the
near-zone) computed from WGHM. Table [1| characterizes
the mean annual variability obtained by stacking the re-
spective gravity effects shown in figure [5| over an annual
period.

Besides a general similarity of the annual component
of both, SG and WGHM series, it is obvious that for sta-
tions BH and MC the total effect markedly exceeds the
amplitude of the SG registration, whereas for station WE
this is not the case (Table[l]and Figure[)). In contrast, the
sum of the global attraction and loading effects agrees well
with the time series at stations BH and MC, but does not
explain the gravity variations at WE. One reason could be,
that at the stations BH and MC, only minor local effects
are observable by the SG due to specific environmental
conditions.

Station BH is situated in a mainly sealed and well
drained urban area on a rock of green schist near to the
Taunus mountain ridge. A very low pore volume of the
bedrock with nearly no fissures in conjunction with the
well drained or sealed surrounding area might cause only
little water storage changes within the radius of influence
of attraction effects of the near-zone

Station MC is located in the Po river plain with in-
tensive agricultural use in its vicinity. It can be assumed,
that irrigation and drainage of the neighbouring farmland
alters or compensates largely natural changes in the local
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Table 1: Mean annual variability of gravity effects computed from WGHM and the reconstructed residual time series for SG-Stations based
on principal components 1-4 for stations Wettzell (WE), Bad Homburg (BH) and Medicina (ME) in nm/s2.

attraction near-zone attraction global deformation SG (PC 1-4)
WE BH MC | WE BH MC | WE BH MC | WE BH MC
min -34  -33  -32 -7 -7 -6 | -10 -11 -8 -46  -23  -23
max 62 36 36 6 6 5 12 10 8 53 18 25
var 96 69 68 13 13 12 22 21 15 99 40 47
rms 34 24 25 5 5 4 8 8 6 33 14 15

water storage. As a further indication for missing local
variations, the unusually low precipitation in that region
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Figure 5: Gravity effects of water mass variations from WGHM due
to attraction and loading including (dot-dashed line, reversed trian-
gles) and excluding (grey line, diamonds) the near-zone compared
with generalized SG records (black line) for the period 2000-2007.

during the winter 2001/2002 can be identified clearly in
WGHM, but is not visible in the SG registration.

In contrast, station WE is located on a ridge in the
lower mountain range of the Bavarian Forest with a com-
plex local geological structure, but with little anthropo-
genic influences. Here, the total effect agrees fairly well
with the SG residual curve and suggests an overlap of lo-
cal and global hydrological variations. Especially the large
gravity decrease after the dry summer 2003 is present in
both curves with comparable amount. In the consecutive
period of 3 years only the SG has observed a slow increase
in gravity, most likely linked to regeneration of the local
water storage. Since in a mountainous region a significant
influence of topography is expected, differences may partly
be explained if a terrain model is included in the analysis
(Creutzfeldt et al.| [2008)).

In addition, it should be noted that due to the coarse
resolution and uncertainties of the global hydrological mo-
del applied here, data of water storage variations of the
WGHM cells around the SG stations will not fully rep-
resent the real hydrological variations close to the SGs.
WGHM gives averaged data for the region from which
water mass variations in the near-zone may differ due to
small-scale heterogeneities in geological, soil and vegeta-
tion characteristics.

The different correlation of the SG records with global
or total effects reflects the complexity of the interaction
between water storage changes and the gravity effect. Es-
pecially the strong dependency on the respective SG site,
even if located above ground, clearly demonstrates the
need of detailed investigations in the vicinity of the sta-
tions.

6. Conclusions

SG registrations at three stations in central Europe
were compared with the WaterGAP Global Hydrology Mo-
del (WGHM) by a computation the gravity effect of water
storage changes. The innermost zone close to the gravime-
ter was included by integration over rectangular homoge-
neous prisms. By this means, global as well as local con-
tributions to the signal were assessed. It is concluded,
that the contribution of hydrology in the local zone is site-
dependent. Whereas for station Wettzell a good agreement
with the total SG signal could be stated, the gravity time
series at Medicina and Bad Homburg coincide only with
the global effects (attraction and loading). Most likely,

Page 5 of 6



the environmental characteristics of these stations prevent
natural water storage changes within the radius of strong
gravitational sensitivity, which has to be supported by lo-
cal hydrological measurements in future studies. The re-
sults clearly demonstrate the need for a site-specific quan-
tification of local water storage changes.
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