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Abstract We demonstrate the possibility to improve
the signal-to-noise ratio of superconducting gravity
time-series by correcting for local hydrological effects.
Short-term atmospheric events associated with heavy
rain induce step-like gravity signals that deteriorate the
frequency spectrum estimates. Based on 4D modeling
constrained by high temporal resolution rain gauge data,
rainfall admittances for the Vienna and Membach super-
conducting gravity stations are calculated. This allows
routine correction for Newtonian rain water effects,
which reduces the standard deviation of residuals after
tidal parameter adjustment by 10%. It also improves
the correction of steps of instrumental origin when they
coincide with step-like water mass signals.

Keywords Gravity time-series · Tidal analysis ·
Rain water effect modeling · Superconducting gravity

1 Introduction

To look for temporal gravity changes, gravity time-series
have to be corrected for known contributions like tidal,
polar and atmospheric effects. Performing tidal analy-
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sis also requires correction for the atmospheric pressure
variations, which affect gravity differently depending on
their frequency (e.g., Warburton and Goodkind 1977;
Crossley et al. 1995). Usually, the barometric effects
(loading and mass attraction) are accounted for by
using a linear admittance factor. This factor, around
−3.5 nms−2/hPa in the spectral range of short-periodic
tides, is station-dependent, varies from gravity record
to record, and is determined using a barometer at the
gravity station.

However, this correction is not satisfactory during
local short-term variations and extreme events like thun-
derstorms or the passage of cold fronts, as short-term
atmospheric pressure variation of a few hPa can induce
steep gravity decreases of a few nms−2 within 10 min to
an hour (Müller and Zürn 1983; Meurers 2000). More-
over, rainfall also plays an essential role (e.g., Francis
et al. 2004).

Recently, hydrological effects on gravity have been
investigated by numerous authors (for a summary of
these investigations, see Van Camp et al. 2006). Rainfall
data based on cumulative hourly or daily samples have
been frequently used for interpreting temporal grav-
ity variations (e.g., Bower and Courtier 1998; Imanishi
1999; Kroner 2002; Harnisch and Harnisch 2006). How-
ever, to the best of our knowledge, a standard correction
based on high temporal resolution rainfall data (1 min
samples) has never been applied routinely to process
gravity time-series spanning several years.

This is the aim of this paper. We investigate 10 years
of data from the superconducting gravimeter (SG) at
Vienna, Austria, and two years from the SG at Mem-
bach, Belgium. At Vienna, 123 rain events have been
analyzed, and 48 at Membach. We show that step-like
gravity drops are mostly caused by gravity effects due
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to rainfall or vertical air mass redistribution without air
pressure variation, or a combination of both.

The observed gravity drop is of physical origin and
should not be eliminated blindly during data process-
ing. On the other hand, step-like signals deteriorate the
frequency spectrum estimates and tidal analysis from
SG data. This paper demonstrates the successful appli-
cation of water gravity effect models applied routinely
to improve the signal-to-noise ratio of SG time-series
and in particular, the tidal analysis results at Membach
and Vienna.

2 4D water gravity effect modeling

Water gravity effect modeling is very sensitive to the
shape of the topography. It is also important to consider
that water is drained immediately on impermeable areas

like buildings. The SG in Vienna is installed on the base-
ment floor of a large building, whose cross section and
the horizontal position of the SG sensor are known in
detail. This station is located on a gentle topographic
slope and the surface close to the station is well above
the SG (Fig. 1a, b). However, this does not hold for the
distant terrain. Therefore, the gravity effect of mass dis-
tributed above and below the station partly compensates
each other (Fig. 2).

The rainfall sensor (tipping bucket type, 0.1 mm reso-
lution) providing 1 min data is situated about 20 m from
the SG. At Membach, the SG is installed 48 m below
the surface. Topography is moderate at Membach too,
but the SG is below the topographic surface almost
everywhere surrounding the station (Fig. 1c, d). The
rain gauge (tipping bucket type, 0.1 mm resolution) is
located at the entrance of the gallery, 140 m away from
the SG.
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Fig. 1 Topography [m] in the vicinity of the SG stations Vienna
(a, b) and Membach (c, d). SG sensor elevations: 192 m (Vienna)
and 244 m (Membach). Black dots: DEM data, white dots: local

geodetic survey. The blanked area in (b) represents the building
section where no rainfall water is stored in the soil
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Fig. 2 Gravitational effect of a circular water layer (thickness
40 mm) centered on the SG sensor for different radii. At Vienna,
the gravity effect does not much vary with the extension of the
contributing mass due to compensation effects of distant layer
parts. At Membach, the layer is situated above the SG sensor
almost everywhere

Modeling of the rain water mass is based on the fol-
lowing assumptions:

• Rain water intrudes into the uppermost soil layer
and remains there. This is justified for a period of a
couple (1 to 2) of hours after the rainfall, as evapo-
transpiration is a slow process compared with charge
due to heavy rain and thus is not yet effective;

• No run-off except on impermeable areas, where
water drains into the sewage system;

• Rainfall is equal in the station surroundings;
• No surface deformation due to the water mass.

Consequently, the water mass is modeled as layer of
constant thickness. Upper and lower boundaries of this
layer are approximated by polyhedral surfaces defined
by Delaunay triangulation (e.g., Renka 1996) of digital
elevation models (DEM). At Vienna, the DEM is based
on a regular grid with 50 m spacing. Irregularly distrib-
uted height data spaced by less than 10 m on average has
been supplemented by local geodetic surveying within
the close surrounding of the SG (Fig. 1b). At Membach,
we used a DEM with average spacing of about 30 m
and local data surveyed along profiles above the gallery
(Fig. 1d). At both stations, the DEM covers a circle of at
least 20 km radius centered at the SG. The correspond-

ing gravity effect is calculated using the method of Götze
and Lahmeyer (1988) (Fig. 2).

To separate hydrological and atmospheric effects in
the SG data, the temporal behavior of the model must be
known. As rainfall data in high temporal resolution are
available at the SG stations only, we added the following
suppositions (Fig. 3):

• The rain cell approaches the station with constant
velocity v;

• Each location (x) touched by the rain cell exhibits
the same cumulative rainfall function rwhS(t) as that
observed at the SG site (xS);

• Plain rain cell front of limited extension Y centered
at the SG.

The cumulative rainfall function rwhS(t) at the SG site
is defined by

rwhS(t) =
0∑

j=−n(t)

r(t + j δt) n(t) = t − t0
δt

(1)

In Eq. (1), r denotes the rainfall sampled in time inter-
vals δt and t0 the time when rainfall of a given event
starts. Then, the cumulative rain water rwh(x, t) at any
location x and at time t equals

rwh(x, t) =
{

0 p(x, t) < 0

rwhS

(
p(x,t)
|v|

)
p(x, t) � 0 , q(x, t) � Y

2

(2a)

with

p(x, t) = v · (xS − x)

|v| + |v|(t − t0)

q(x, t) =
√∣∣∣∣(xS − x) + v(t − t0) − v

p(x, t)
|v|

∣∣∣∣
2

(2b)

p(x,t)

S
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x

v

Y
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Fig. 3 Description of the 4D model parameter
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Fig. 4 Gravitational effect of a rain cell approaching from differ-
ent directions and with different velocities. Almost no differences
are visible for realistic velocities (e.g. 500 m/min, solid lines) while

only for extremely low velocities (e.g. 5 m/min) the result depends
of the direction from where the rain cell approaches (dashed lines)

Figure 4 compares the model results for Vienna and
Membach based on 1-min rainfall data. The velocity
and the direction from where the rain cell is approach-
ing plays a minor role for realistic velocities (a few
100 m/min), because the water mass in the close vicinity
of the station dominates. Only in the rare cases where the
velocity is extremely low, very small differences can be
observed (dashed lines in Fig. 4). The rainfall admittance
converges rapidly (Fig. 5a), which justifies to model
the gravity effect of rain by a single admittance, which
might not be the case for other stations with uneven
topography.

The 4D modeling provided the following rainfall
admittances: Vienna: −0.254 nms−2/mm and Membach:
−0.386 nms−2/mm. These numbers agree well with the
linear least-squares (LSQ) fit of Fig. 5b, which displays
the gravity residual drop magnitude as function of cumu-
lative rain for each rain event. Figure 5b demonstrates
that the ratio between gravity change and amount of
water per rain event is stable without seasonal features.

The a priori rainfall correction can now easily be
implemented by subtracting the cumulative rainfall
according to Eq. (1), multiplied by the rainfall admit-
tance, from the raw calibrated 1-min SG data. In this
case, t0 in Eq. (1) denotes the start time of the SG data
series. Based on these results, the meteorological influ-
ences on gravity were investigated.

Typical case studies are shown in Fig. 6. The results
of the 4D model are represented in the bottom pan-
els of Fig. 6 by grey lines. In Fig. 6a, the model reflects
the step due to cumulative rainfall correctly. However,

heavy rain starts significantly later than the gravity drop
indicating that additional atmospheric processes like air
mass redistribution may play an important role. This
event was associated with heavy thunderstorms.
Figure 6b and c refer to case studies where the cumu-
lative rainfall effect does not fit the gravity drop, while in
Fig. 6d the model almost perfectly matches the
observation.

At Membach, 76% of the gravity drops were expla-
ined by the rain water effect alone, like in Fig. 6d, while
at Vienna, the model fitted perfectly only 58% of all rain
events. However, even in the other cases, where rainfall
is involved, the water mass model was able to explain
the dominant part of the gravity drops like in Fig. 6a.
These drops coincided with rainfall in 85% of the cases
at Vienna and 91% at Membach.

For those events where the rain model does not per-
fectly explain the gravity drop (e.g., Fig. 6a, b, c), addi-
tional meteorological processes are involved. The
standard air pressure correction fails if the atmosphere
violates the hydrostatic equilibrium assumption like in
events associated with vertical convection. The Newto-
nian effect of vertical air mass redistribution may con-
tribute essentially.

A change of the vertical air density structure does
not necessarily cause air pressure variations, but can
induce gravitational effects (Meurers 2000; Simon 2002).
In numerous cases, the sharp drop of gravity coincides
exactly with that of air temperature (Fig. 6a, b, c), indi-
cating that air mass exchange and/or vertical redistribu-
tion contributes to the observed gravity signal. Modeling
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Fig. 5 a Rainfall admittance as function of cumulative rain for
the 4D model (rain cell approaching from West with velocity
of 500 m/min) used in Fig. 4. b Observed gravity residual drop

magnitude in relation to cumulative rain and LSQ fit (solid lines).
Dashed lines represent the rainfall admittance factors obtained
from the 4D model in Vienna and Membach respectively

of these processes suffers from the lack of meteorologi-
cal data in high temporal and spatial resolution; but this
should be a future perspective. At present, only simplis-
tic models can be considered.

3 Tidal analysis improvement

The following investigation shows how tidal analysis
results can be improved when the rainfall admittance
model is applied to the SG data. Both Vienna and Mem-
bach data were analyzed without and with an a pri-
ori rainfall correction. During data preprocessing, only
steps due to known instrumental causes were removed.
In the case of rainfall correction, the gravity effect of
cumulative rain was calculated by applying the rainfall
admittance and subtracted from the raw 1-min data as
previously described. Afterwards, the 1-min data was
decimated to 1-h samples and analyzed by applying
the ETERNA v3.3 package (Wenzel 1996). The SG
time-series cover 3554 days at Vienna and 871 days at
Membach.

The standard deviation of the gravity residuals after
tidal parameter adjustment is reduced by about 10%
when the rainfall effect is corrected (Vienna: from 0.547
to 0.504 nms−2, Membach: from 0.730 to 0.667 nms−2).
Amplitude factor changes are in the order of 10−3 or
less, phase lags change by 10−3 to 10−2. These variations

are slightly lower than the standard deviation of the
adjusted parameters; they are therefore not statistically
significant.

However, it is worth mentioning that the amplitude
factors of high amplitude tidal waves (O1, P1, K1, S1) and
even �1 and �1 show similar variations in Vienna and
Membach. The changes are rather small, but perhaps
have influence on the accuracy of free core nutation
parameter determination. As expected, generally the
tidal parameter variation is less in the semidiurnal (SD)
than in the diurnal (D) frequency bands.

It has to be proven that the reduction of the standard
deviation is actually due to cleaning the raw data with
respect to the rain effect. This is shown by analyzing
the 1-min gravity residuals obtained without and with a
priori rainfall correction. Another analysis is applied on
the 1-h residuals obtained from the tidal analysis adjust-
ment. First, for the Vienna time-series, the 1-min grav-
ity residuals (obtained after detiding and air pressure
correction using the single admittance concept) have
been analyzed within 6-h windows, which have been cen-
tered at heavy rain events associated with a sharp grav-
ity residual drop. For each event, the root-mean-squared
(RMS) gravity residual obtained after rainfall correction
has been determined and subtracted from that without
correction.

Figure 7 shows a pronounced linear relationship
between the differences of the RMS gravity residuals
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Fig. 6 Gravity variations caused by different meteorological pro-
cesses. Top: air pressure (grey), tide free gravity measurements
(black) and rainfall (thin line). Middle: gravity (black) corrected
from the air pressure effect [admittance factor: −3.53 nms−2/hPa
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heavy rain events at Vienna. For each meteorological event asso-
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gravity residual obtained after rainfall correction has been deter-
mined within a 6-h window and subtracted from that without cor-
rection. Open circles indicate rare events where a background
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and the residual drop magnitude. Only when the
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the window interval, e.g., due to imperfectly corrected
air pressure or unknown environmental effects,
the rain signal may compensate the trend, and thus
rainfall correction may even increase the RMS resid-
ual. In such rare cases, negative differences of the RMS
gravity residuals have been observed (open circles in
Fig. 7).

Figure 7 proves the effectiveness of the rainfall cor-
rection, which is additionally demonstrated by analyz-
ing the structure of the residuals obtained from the tidal
analysis of the 1-h data. Figure 8 shows the difference
between the hourly residuals resulting from the tidal
analysis of the gravity data with and without a priori
rain effect correction. The differences are close to zero
except in the immediate vicinity of rain events, where
they show typical distortions expected to occur in the
residuals if uncorrected steps are present. This holds
even for events with little rain fall. As shown in the bot-
tom panel of Fig. 8, the oscillations only appear in the
residuals of the uncorrected time-series.

The rainfall admittance model used here does not
take discharge processes into account, e.g., due to run-
off or evaporation, which destroys the long-term drift
information. This should not significantly influence tidal
analysis results as long as only the D and SD bands are
adjusted. To check this influence, the rain water model
of Eq. (1) was extended according to Eq. (3) by assum-
ing fast run-off after the rain fall event and much slower
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evapotranspiration effects.

rwhS(t) =
0∑

j=−∞
r(t + j δt)

1
2

(
ej δt/α + ej δt/β

)
(3)

Again, t is the time and δt = 1 min the sampling inter-
val of the rainfall r. The discharge parameters α = 12 h
accounts for fast run-off and β = 720 h for slow evapo-
transpiration.

As expected, the tidal analysis results did not change
significantly, neither the standard deviation (0.503 nms−2

at Vienna, 0.668 nms−2 at Membach), nor the tidal
parameter variations in the D and SD bands.

The rainfall admittance concept based on the model
according to Eq. (3) explains gravity anomalies after
strong rainfall (Fig. 9) and reflects the instantaneous
response of gravity to rain water. In contrast, models
taking slow recharge processes into account that are
exponential functions of time (e.g., Crossley et al. 1998;
Harnisch and Harnisch 2002; Francis et al. 2004) do
not fit the fast gravity drop immediately starting with
rain.
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black. The rain water mass model explains strong distortions
after heavy rain fall events and long term rain fairly well (e.g.
Vienna: 07/1997, 07/1998, 08/2002, 05/2003, 07/2004; Membach:
08&10/2003, 01&08/2004)

4 Application of the rain admittance model in data
pre-processing

Generally, the instrumental drift is determined by abso-
lute gravity (AG) observations at more or less regular
intervals. However, correcting for SG steps is more diffi-
cult: unless several AG data are available just before and
after the step, this procedure does not allow for correct-
ing the steps at the nm/s2 level.

Therefore, it may be helpful to correct the data for
steps of known origin independently of AG measure-
ments by checking the residuals. For instance, SG main-
tenance work or power supply interrupts can produce
steps in gravity recordings. As already done with the air
pressure admittance, the rainfall admittance model can
be applied in order to help in discriminating instrumen-
tal steps from actual decrease in gravity due to meteo-
rological influences.

A synthetic simulation (Fig. 10) demonstrates how
the drift-free gravity residuals are potentially influenced
if a real gravity signal is blindly removed together with

instrumental steps. Assume a linear SG instrumental
drift properly modeled using regular AG measurements
(e.g., Van Camp and Francis 2006). Let an instrumental
step occur in the middle of the time-series just at the
same time as a step-like downward drop (10 nms−2) due
to rain, which is followed by an exponential discharge
signal lasting over half a year.

After both step like features have been removed by
any common step detection procedure, the rain-induced
step superimposes the linear drift after the decay of
the discharge signal. Consequently, an apparent drift
with slightly higher drift rate than that of the true drift
is estimated by the LSQ adjustment. This would not
happen if the gravity drop due to rain had not been
eliminated.

Therefore, a remove-restore technique is proposed:
before looking for steps, the cumulative rain signal must
be removed by applying the rainfall admittance model,
as already done for the atmospheric pressure. After cor-
recting instrumental steps, the rainfall model effect is
restored.
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Figure 11 demonstrates a case study using observed
SG data from Membach (09 October 2004). Heavy rain
occurred during some maintenance work, which induced
a large step of 116 nms−2 (Fig. 11, top panel, black line).
First, the step was removed by applying the pre-pro-
cessing module Tsoft (Van Camp and Vauterin 2005)
without considering the 2 nms−2 step due to the water
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Fig. 11 Application of the rain water mass model for precise
step determination (Membach 09 October 2004). Top: air pressure
(grey), tide free gravity measurements (black) and rainfall sam-
ples (thin line). Bottom: gravity after removing the air pressure
effect [admittance factor: −3.32 nms−2/hPa] and after step correc-
tion (Tsoft) without (white dots) and with (black line) applying
the proposed remove-restore technique. Water mass effect (grey),
rainfall (thin black line).

mass effect (Fig. 11, bottom panel, grey line). Conse-
quently the remaining gravity signal (Fig. 11, bottom
panel, white dots) does not include the water mass effect.
On the contrary, if the proposed remove-restore tech-
nique is applied, actual physical signals are kept in the
gravity time-series (Fig. 11, bottom panel, black line),
while pure instrumental artifacts are correctly removed.

5 Discussion and conclusions

We showed that the steep gravity decreases within
10 min to 1 h are associated with heavy rain starting at or
up to 10 min later than the gravity drop. At Vienna, rain-
fall and gravity drop coincide in 85% of the cases (91%
at Membach). Predominantly, the drops are connected
with atmospheric processes of high vertical convection
activity like thunderstorms, as gravity and air tempera-
ture are well correlated in most cases. The magnitude of
the gravity drops depends on the total amount of rainfall
accumulated during the event.

Step-like signals deteriorate the frequency spectrum
estimates and tidal analysis. As the gravity drops are of
physical origin, they should not be eliminated blindly,
but corrected using water mass modeling constrained
by high temporal resolution (1 min) rain data. As the
influence of rain cell velocity is not significant, sim-
ple rainfall admittance models can be used. We calcu-
lated rainfall admittances for Vienna and Membach and
showed that they are very dependent on the position of
the SG sensor with respect to the local and near sur-
rounding topography.

Correcting for rainfall effects reduces the standard
deviation of the residuals after tidal parameter
adjustment by 10%. From the metrological point of view,
any method improving a signal-to-noise ratio is worth
applying. Thus, SG data should be corrected whenever
possible, even if there is no noticeable advance on the
final tidal analysis results. Because the principle is sim-
ple, we propose to apply this method routinely on grav-
ity time-series processing before starting step detection
procedures.

As long as no long-period (>2 days) constituents are
adjusted, the cumulative rainfall function defined in
Eq. (1) combined with effective rainfall admittances
can be used to calculate the water mass response. The
gravitational effects due to air mass redistribution are
not accounted for by this procedure, but this investiga-
tion showed that it is able to eliminate the dominant part
of the residual drop.

For long-period constituents and proper interpreta-
tion of long-term gravity changes, hydrogeological inves-
tigations like those by Van Camp et al. (2006) should
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be performed, because discharge processes like run-off,
infiltration and evapotranspiration must be controlled
by hydrogeological measurements. Even in case of gaps
in rainfall data, hydrological data reflect the cumulative
effects in contrast to data derived from rainfall observa-
tions alone.

Additionally, the rainfall admittance model is well
suited to improve the correction of steps due to instru-
mental causes when they coincide with step-like signals
originating from rain water mass.
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