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Abstract. Absolute gravity measurements have been regu-
larly performed in the Austrian Eastern Alps since 1985.
A gravity increase of 300 nm s−2 has been observed so far.
The gravity trend is explained by ablation effects within sur-
rounding glaciers. Ice thickness changes derived from 3 suc-
cessive glacier inventories of 1969, 1997 and 2006 are used
for quantitative 3-D modeling based on rectangular prisms
with basis areas of≤ 8 m× 8 m. Local topographic changes
due to man-made mass displacements close to the measur-
ing site are modeled by a polyhedron approach. Two-thirds
(2/3) of the observed gravity increase can be explained by the
ablation model response and man-made effects. A positive
trend of about 100 nm s−2 remains. The origin of the residual
trend remains open. Correcting for geodynamical processes
like Alpine uplift or postglacial deformation is expected to
cause a slight increase of this trend. The observed gravity
signal shows seasonal gravity variations as well, which are
probably due to snow cover effects but cannot be quantified
due to the lack of appropriate snow cover information.

1 Introduction

Global warming and associated climate change during the re-
cent decades is one of the main reasons for glacier retreat in
the Alps. Ḿemin et al. (2009) quantified the gravity effects of
present-day ice thinning in the vicinity of the Mont Blanc re-
gion (France) and the Svalbard (Norway) glaciers both due to
the Newtonian and the deformation signal. They also showed

the strong topographic influence on the expected results. We
present, to our knowledge for the first time, observed gravity
variations and relate them quantitatively to ice mass balance
information derived from glacier inventories in the Eastern
Alps. Regular absolute gravity observations have been per-
formed by the Federal Office of Metrology and Surveying
(BEV) in Austria since 1985 in order to establish and control
the Austrian gravity network (Ruess and Gold, 1996). One of
the absolute gravity stations has been established in the cen-
tral part of the Eastern Alps which is known to exhibit moder-
ate recent uplift of roughly 1 mm yr−1 (Höggerl, 2001; Ruess
and Ḧoggerl, 2002). This estimate results from repeated lev-
eling observations performed in Austria between 1948 and
1962 and between 1966 and 1990. All results of these cam-
paigns refer to a reference station located in the Bohemian
massif which is assumed to be stable. Recently, slight rising
of the Alps in Austria has been confirmed by vertical veloc-
ity estimates based on GPS coordinate time series starting in
2000 (Haslinger et al., 2007). Supporting geodynamical and
tectonic investigations of the area by absolute gravity obser-
vations is the main purpose of this inner-Alpine station.

It has been established in the small village Obergurgl (Ty-
rol, Austria), surrounded by glacier-capped mountains of the
so-calledÖtztal Alps and Stubai Alps (Fig. 1). The sta-
tion is located at 1935 m a.s.l. at 11◦01′30′′ E, 46◦52′01′′ N.
All surrounding glacier areas extend at higher altitudes. To
reduce floor recoil effects, a concrete pier has been con-
nected directly to the underlying rocks in the basement of the
Alpine Research Site Obergurgl (operated by the University
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492 P. Arneitz et al.: Gravity effect of glacial ablation in the Eastern Alps

Fig. 1.Location of the absolute gravity station Obergurgl and surrounding glaciers considered in this paper. The map of the left panel is based
on the ETOPO2v2 Global Gridded 2 min Database, National Geophysical Data Center, National Oceanic and Atmospheric Administration,
US Dept. of Commerce,http://www.ngdc.noaa.gov/mgg/global/etopo2.html, and was drawn using the software by Wessel and Smith (1991).
Right panel: Glacier areas in 1997 (white). The grey line shows the border between Austria and Italy. The yellow dot marks the gravity
station at Obergurgl.

of Innsbruck). Due to the lack of traffic and industrial activ-
ity the noise level is low. BEV tried to perform measurements
on a semi-annual basis to get information on seasonal grav-
ity variations due to the snow cover as well (Ruess, 1993).
In total 32 absolute gravity campaigns have been performed
between 1987 and 2009 in spring and autumn of each year.
During the spring campaigns the snow cover in the surround-
ings is expected to be maximal, while during the autumn ob-
servations the area is widely free from seasonal snow.

Over the whole period a positive gravity trend of a few
hundred nm s−2 has been observed (Fig. 2) (Ullrich and
Ruess, 2006). This is quite surprising, because the contrary
is expected due to the rise of mean elevations caused by the
uplift of the Alps. For the area around Obergurgl the verti-
cal velocity has been estimated by approximately 1.5 mm/yr
(Ruess and Ḧoggerl, 2002). Haslinger et al. (2007) report
vertical velocities between 1 and 2 mm yr−1 at two GPS sta-
tions closest to Obergurgl. The geodynamical interpretation
of the gravity trend implies appropriate modeling of other
environmental effects on gravity. Abermann et al. (2009) an-
alyzed digital elevation models (DEMs) for different years
(1969, 1997 and 2006) and quantified the ice mass losses in
the region of thëOtztal Alps. Seiser (2010) performed a sim-
ilar investigation of the Stubai Alps’ glaciers. Here we calcu-
late the associated gravity response of these nearby ice mass
losses to explain the observed gravity trend.

2 Absolute gravity time series

For all absolute gravity measurements the transportable free-
fall absolute gravimeter JILAg-6 has been used. The mea-

surement uncertainty of JILAg-6 is under best control as it
participated regularly at the International Comparison of Ab-
solute Gravimeters (ICAGs) campaigns at the Bureau Inter-
national des Poids et Mesures (BIPM) between 1981 and
2009 (Ruess and Ullrich, 2011). During the campaign in
2005 a comparison reference value (CRV) was defined as
a set of gravity values valid at a height of 0.9 m above the
benchmark and derived from common adjustment of all ab-
solute and relative gravity measurement results (Jiang et al.,
2011). Ruess and Ullrich (2011) discussed the performance
of the JILAg-6 that has participated six times at the ICAGs
since 1989 and evaluated the deviations of JILAg-6 from
CRV with a standard deviation of±60 nm s−2. This num-
ber matches the measurement uncertainty of approximately
80 nm s−2 of the JILAg-6 and can therefore be used for error
estimations.

The reference height of JILAg-6 is defined as 0.84 m
above the floor for most observations in Obergurgl, corre-
sponding to the position at about 1/3 of the free-fall distance
(Zumberge, 1981). The effective height depends on the in-
strumental setup and the used start and stop fringe. Its deter-
mination is still under debate (e.g. Niebauer, 1989; Timmen,
2003). However, in this study the observed absolute gravity
values are compared relatively; therefore the exact height off-
set is not relevant as long as it is kept constant over the years.
All observed gravity data have been reprocessed using the
software package ETERNA (Wenzel, 1994) to subtract the
tides and the pole motion effect. To include the ocean load-
ing effect, main tidal parameters based on a 1- by 1-degree
grid of Schwiderski’s (1980) ocean tide model are interpo-
lated (Timmen and Wenzel, 1994). A constant admittance
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factor of 3 nm s−2 hPa−1 has been selected for atmospheric
pressure corrections. This concept is widely used in abso-
lute gravimetry, but it does not consider the frequency depen-
dency of the admittance function (e.g. Warburton and Good-
kind, 1977). Actually the atmospheric pressure admittance
varies between 2 and 4 nm s−2 hPa−1 in the amplitude spec-
trum (e.g. Neumeyer and Pflug, 1997). For most observations
in Obergurgl, the differences between observed air pressure
and that of the standard atmosphere covered a range of less
than 10 hPa. The air pressure correction error can therefore
be estimated as less than 10 nm s−2.

A specific campaign consisted of 2–5 independent exper-
iments, after which the instrumental setup was controlled
and re-adjustments were made when required. Its final grav-
ity was calculated as the weighted mean of all experiments.
The absolute gravity time series at Obergurgl is displayed in
Fig. 2. Blue and red dots represent the results obtained by the
campaigns in spring and autumn, respectively. A clear posi-
tive trend is visible that is statistically significant on the 0.1%
level. The linear fit to all observations independent of the sea-
son yields an average trend of 14.0± 1.5 nm s−2 yr−1, i.e. an
overall gravity increase of 308 nm s−2 between 1987 and
2009. The trends showing up in the spring and autumn ob-
servations are statistically significant as well (0.1 %) and vary
between 13.0 nm s−2 yr−1 (spring) and 14.2 nm s−2 yr−1 (au-
tumn). The systematic effect of snow cover is reflected by the
average offset of about 64 nm s−2 between the results from
autumn and spring observations. However, the details cannot
be quantified due to the lack of snow cover data.

3 Glacier inventories

Most of the glaciers in the surroundings of the observa-
tion site are well investigated by episodic glacier invento-
ries (Patzelt, 1980; Lambrecht and Kuhn, 2007; Kuhn et al.,
2008; Abermann et al., 2009, 2010; Seiser, 2010) and partly
by periodic mass balance measurements (Kuhn et al., 1999;
Fischer and Markl, 2009; WGMS, 2011). Both in theÖtztal
and Stubai Alps, the glacier inventories provided DEMs of
the upper glacier surface valid for the years 1969 and 1997
based on analogue and digital airborne photogrammetry
(Fig. 1). The DEMs for 2006 were derived by high-resolution
airborne lidar. All inventory data were acquired between Au-
gust and October, making all data sets closely comparable.
The Stubai Alps extend over the Austrian–Italian border;
however, DEMs are only available for the Austrian terri-
tory. On the Italian side, there is one major glacier called
Übeltalferner (Fig. 1). Here, ice mass variation can only be
derived from mass balance observations since 2001 (R. Di-
nale, personal communication, 2011).

Fig. 2. Absolute gravity time series at Obergurgl (weighted means
of each campaign) between 1987 and 2009. Symbols in blue refer to
observations in spring; red symbols are used for autumn campaigns.
A significant gravity increase can be derived for this time period.
Gravity values determined in autumn tend to be greater than values
determined in spring. Gravity is compared with cumulative specific
mass balance observations (greenish colors) for prominent glaciers
within the Ötztal Alps (Austria) (Kuhn et al., 1999; Fischer and
Markl, 2009; WGMS, 2011).

We do not take into account the ablation of rock glaciers
as quantitative information is widely not available and ex-
ists only for very few places in the area of investigation,
e.g. the Hochebenkar, 4 km south of Obergurgl (Schneider
and Schneider, 2001). However, typical ice loss rates are
estimated to be as small as 0.1 m yr−1. The gravity effect
of downwards mass flow between 1936 and 1997 is less
than 0.5 nm s−2 at Obergurgl. Therefore, neglecting the rock
glacier ablation is justified.

The accuracy of the glacier inventory products is improv-
ing with the methods employed. From a study by Würländer
and Eder (1998) a vertical accuracy of±1.9 m can be inferred
for the photogrammetric evaluations of 1969 and 1997. For
the lidar-derived models the estimate of the vertical and hori-
zontal accuracy is±0.1 and±0.3 m respectively (Abermann
et al., 2010). Applying common error propagation laws, the
errors of the elevation difference are±1.9 m for the period
1997–2006 and±2.7 m for the period 1969–1997.

Another important aspect is the methodology of glacier
boundary delineation, which has been performed by in-
terpreting relief-shaded DEMs according to the strongest
roughness changes and surface elevation differences for
the same location at different times (Abermann et al.,
2010). Eighty (80) % of ground-truthed values from geodetic
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measurements on test sites have shown an absolute horizontal
deviation of below 4 m for glacier boundaries derived from
lidar-acquired DEMs.

3.1 Ötztal Alps

Abermann et al. (2009) calculated volume changes of
−1.3 km3 between 1969 and 1997 and−1 km3 between
1997 and 2006 by subtracting the corresponding DEMs from
each other with a spatial resolution of 5 m× 5 m. The volume
changes correspond to a mean thickness decrease of−9.5 m
and−8.2 m, respectively. The minimum altitude of ice cover
has moved up to an elevation of 2060 m to 2120 m, sug-
gesting a positive gravity effect as the absolute gravity sta-
tion in Obergurgl is located at lower altitude (about 1935 m).
However, the glacier retreat did not develop uniformly. Mass
balance measurements on three glaciers in the surrounding
area of Obergurgl (Hintereisferner, Kesselwandferner, Ver-
nagtferner) (Fig. 3) demonstrate an ice mass gain between
1973 and 1985 (Kuhn et al., 1999; Fischer and Markl, 2009;
WGMS, 2011). This is important for modeling the Newto-
nian effect of glacier ablation.

3.2 Stubai Alps

Similar to theÖtztal Alps, the Stubai Alps’ glaciers were in-
vestigated in 1969 and 1997 by analogue and digital pho-
togrammetry and in 2006 by airborne laser scanning (Seiser,
2010). The total volume loss of all glaciers in the Stubai Alps
is about 0.47 km3 in the period 1969–1997 and 0.27 km3

in the period 1997–2006. ThëUbeltalferner is situated on
the Italian side of the Stubai Alps and thus was not consid-
ered by Seiser (2010). Christoph Knoll (University of Inns-
bruck, personal communication, 2011) provided a DEM with
20 m× 20 m resolution and digitized glacier boundaries for
the year 1996. At this time, glacial masses covered nearly
8 km2 with a distance of approximately 15 km to Obergurgl.
Roberto Dinale (Hydrographic Office Bozen, personal com-
munication, 2011) made glacier reports available. Di Lullo
et al. (2010) report a cumulative specific mass balance of
−7441 mm water equivalent since 2001/2002 for the year
2008/2009.

4 Modeling

The most accurate method for calculating the gravitational
effects of ice loss is the polyhedron approach (e.g. Götze and
Lahmeyer, 1988). However, the spatial resolution of the digi-
tal glacier models is rather high: For theÖtztal Alps, it is 5 m
for the 1969 and 1997 inventories, and for 2006 the resolu-
tion is even better (1 m). Therefore, the polyhedron method
would be extremely time consuming. The very small grid
size and the generally large distances (> 1 km, see Fig. 1) to
the gravity station Obergurgl justify the application of a flat-
topped prism approach. The Newtonian effect of the vertical

Fig. 3. Cumulative specific mass balance for three glaciers within
the Ötztal Alps (Austria) (Kuhn et al., 1999; Fischer and Markl,
2009; WGMS, 2011). Glacier mass loss starts at about 1982.

prisms is then accurately calculated (e.g. Rösler, 1984) using
an average ice density of 900 kg m−3 (e.g. Abermann et al.,
2011). The curvature of the earth has to be taken into account.
In the following section we describe roughly the model ge-
ometry. More details on the glacier modeling are provided by
Arneitz (2012).

4.1 Ötztal Alps

Since the DEM grid points of different glacier inventories
generally do not coincide, a specific data processing is re-
quired to determine the elevation changes. To simplify the
interpolation process, the grid size of the younger inventory
was assumed to be smaller than that of the older one. At the
same step, grids were resampled to larger grid sizes in order
to save computational efforts further. Again, this is well justi-
fied considering the distance of glaciers to Obergurgl. Due to
limitations of the used resampling software, grid sizes could
be enlarged only by steps of a factor of 2. Therefore the 1997
grid was resampled to 10 m× 10 m and compared to the 2006
grid resampled to 8 m× 8 m. For the period 1969–1997, the
1969 grid was also resampled to 10 m× 10 m, but compared
to the original 5 m× 5 m grid of 1997.

Figure 4 illustrates the computed elevation differences for
the period 1997–2006, where mass loss is dominating. By
closer inspection, also positive elevation changes occur. Pos-
itive values can be realistic in specific areas (Abermann et al.,
2009), but especially at glacier edges glacial elevation can be
distorted resulting in positive elevation changes.

The Cryosphere, 7, 491–498, 2013 www.the-cryosphere.net/7/491/2013/
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Fig. 4. Ice thickness variation (m) within thëOtztal Alps during
the period between 1997 and 2006 derived from glacier inventories
(Abermann et al., 2009). The small circle indicates the location of
the gravity station in Obergurgl. Coordinates refer to the Gauss–
Krüger coordinate system with central meridian 10◦20′ E (northing
coordinate reduced by 5× 106).

4.2 Stubai Alps

All glaciers of the Stubai Alps are located at horizontal dis-
tances larger than 10 km (see Fig. 1). Due to this fact, the
computation process could be further simplified without sig-
nificant loss of accuracy as proved by feasibility studies.
Contrary to theÖtztal Alps, we no longer use the origi-
nal DEMs of the inventories, but treat the glaciers depend-
ing on their size class instead. Within the Stubai Alps the
glaciers of size class 4 (1–5 km2) contribute about 55 % of
the total volume loss. We derive mean elevation changes for
each glacier from the overall mass loss determined by Seiser
(2010). Then, the model was constructed by locating 25 m-
× 25 m-sized prisms within the digitized glacier boundaries
on top of topography. The average ice thickness change cal-
culated for the period 1969–2006 was chosen as the prism
height for all compartments of the specific glacier.

Size class 2 (0.1–0.5 km2) and 3 (0.5–1 km2) glaciers con-
tribute about 27 % and 15 %, respectively, to the total vol-
ume loss. For each glacier, the lost ice volume was approxi-
mated by only one rectangular prism with a basis area cor-
responding to the size class (600 m× 600 m for size class
2 and 1000 m× 1000 m for size class 3). The individual
prism height for each glacier representing the mean ice thick-
ness change is derived from volume loss estimates by Seiser
(2010). Glaciers of size class 1 (0.01–0.1 km2) are neglected
due to their minimal contribution to the total ice volume loss.

The glacier area of thëUbeltalferner from 1996 is ex-
tracted from a DEM with 20 m× 20 m resolution (C. Knoll,

personal communication, 2011). Since no exact informa-
tion about ablation is available the same mean ice thickness
change is assumed as determined for theÖtztal Alps for the
whole period 1969–2007.

Those glaciers south of the main divide that were not sur-
veyed in the same years as the Austrian glacier inventories
were treated similarly to the size class 2 and 3 glaciers of the
Stubai Alps.

4.3 Results

Table 1 summarizes the gravity effect caused by ice loss dur-
ing the two evaluation periods and clearly shows the domi-
nant influence of thëOtztal glaciers. Only 10 % of the grav-
ity effect is due to the other glaciers. Based on the prism
approach it is easy to investigate the dependency on the
distance to the gravity station. For example, the circular
area with 10 km around Obergurgl (Fig. 1) contributes by
roughly 80 %. In fact, this proves that the simplification of
the model geometry in the case of the Stubai Alps’ glaciers
andÜbeltalferner is fully justified.

5 Correction of the gravity time series

Within the period between 1987 and 2009 several construc-
tion works were performed in Obergurgl and its surround-
ings. The expansion of a parking area and a building in the
close vicinity of the gravity station as well as forest road
widening and an avalanche gallery construction had mea-
surable effects on gravity. Those man-made mass displace-
ments were modeled primarily by modifying the DEM of the
area around the observation site. The modified topography
was approximated by polyhedrons with triangle-shaped sur-
faces that were generated by Delaunay triangulation (Renka,
1996). To exactly calculate the Newtonian effect of polyhe-
dral bodies, the closed-form expression by Götze and Lah-
meyer (1988) was applied. The gravity changes resulting
from human interference do not exceed−30 nm s−2 in total.

Calculating the gravity effect from digital glacier models
at three dates (1969, 1997, and 2006) gives the total esti-
mated change in absolute gravity between these years. In or-
der to compare the totals to the measured time series at Ober-
gurgl we must decide how much of this melt occurred prior
to 1985. We therefore investigate 3 possibilities on how the
ice melting rate changed over time. As shown in Figs. 2 and
3, a mass gain was observed at the beginning of the period
between 1973 and 1985 on three glaciers within theÖtztal
Alps. The ice volume in 1985 was approximately the same
as in 1973 (Kuhn et al. 1999; Abermann et al., 2009; Fischer
and Markl, 2009; WGMS, 2011). Abermann et al. (2011)
suggest adopting this behavior on average for all considered
glaciers in the Eastern Alps. Three ice loss rate scenarios
have been considered which are defined by different ice loss
gradients (Fig. 5). Both scenario 2 and 3 take the mass gain

www.the-cryosphere.net/7/491/2013/ The Cryosphere, 7, 491–498, 2013
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Table 1. Computed gravity effects (δg) due to ablation for all con-
sidered glacier areas for the periods 1969–1997, 1997–2006 and
1969–2006.

Glacier area δg δg δg

(nm s−2) (nm s−2) (nm s−2)
1969–1997 1997–2006 1969–2006

Ötztal Alps 122.3 81.3 203.6
Stubai Alps 2.0 1.0 2.9
size class 2
Stubai Alps 0.6 0.3 0.9
size class 3
Stubai Alps – – 5.3
size class 4
Übeltalferner – – 3.4
Missing glaciers 4.0 5.0 9.1

Total 225.2

at the beginning of 1973 into account. Scenario 3 presents
the maximum correction one can expect for the gravity time
series.

Figure 6 (left panel, scenario 2) shows that the grav-
ity trend decreases to 5.8 nm s−2 yr−1 due to the applied
correction and varies now from 4.8 nm s−2 yr−1 (spring) to
6.0 nm s−2 yr−1 (autumn). The overall trend is statistically
significant only on the 1% level, while the trends for the
seasons are insignificant. Scenario 3 presents a similar re-
sult (Fig. 6, right panel). In this case, the trend remain-
ing after correction is statistically significant on an even
lower significance level of 5 %. Here, the trend decreases
to 4.8 nm s−2 yr−1. Note that the man-made gravity effect
has been corrected for in Fig. 6. This does not hold true for
Fig. 2 showing the absolute gravimeter results without any
correction. Correcting for man-made effects would increase
the trend visible in Fig. 2 from 14.0 to 15.2 nm s−2 yr−1. That
means that the glacier ablation model explains 62% (scenario
2) and 68 % (scenario 3), respectively, of the gravity increase.

6 Discussion and conclusions

The gravity time series achieved by absolute gravity obser-
vations in Obergurgl reveals a significant gravity increase be-
tween 1987 and 2009. Three-D modeling of the mass deficit
above the measurement site caused by glacial ablation is
the main approach for explaining this gravity increase. The
analysis of DEMs for theÖtztal Alps proves to be an ef-
fective tool for evaluating the temporal elevation changes
in glacial areas (Abermann et al., 2009). The gravity effect
was determined by approximating the affected ice volume
by very small-sized rectangular prisms (5 m× 5 m for 1969–
1997 and 8 m× 8 m for 1997–2006).

Fig. 5. Gravity effect of glacial ablation based on different ice loss
rate scenarios. Solid lines indicate the gravity effect of the glacial
ablation model during the entire inventory period, while the dashed
lines show the corresponding correction applied on the observed
gravity time series.

Before subtracting the Newtonian effect of glacial abla-
tion, the gravity time series was corrected for small man-
made effects (−27 nm s−2) due to construction work next to
the station. Dates of construction work are quite accurately
known except for the expansion of the parking area, which
came about sometime around 1995. The ice mass loss rate
was assumed to be constant during each inventory period,
taking the ice thickness gain observed between 1973 and
1985 (Kuhn et al., 1999; Fischer and Markl, 2009; WGMS,
2011, Abermann et al., 2011) into account. Two scenarios
were considered for the calculation of the ice loss rate by as-
suming no net ice loss between 1973 and 1985 (scenario 2)
and between 1969 and 1985 (scenario 3), respectively. Be-
yond 2007 all correction values were extrapolated.

About 2/3 of the gravity increase can be explained by the
Newtonian effect of ice loss during the observation period be-
tween 1985 and 2009. The remaining trend visible in Fig. 6
is only weakly significant. Its origin is still open. Geody-
namical processes like tectonic uplift or postglacial rebound
would cause a gravity decrease and its correction would in-
crease the remaining trend. Barletta et al. (2006) investi-
gated the elastic response to ice mass loss in the Alps due
to glacier shrinkage. At Obergurgl, a vertical uplift of 0.2 to
0.3 mm yr−1 can be estimated. Based on this estimate, a grav-
ity decrease of about−15 to−20 nm s−2 is expected includ-
ing local effects like those modeled by Mémin et al. (2009).
However, the rebound effect cannot be detected by the cor-
rected observations. Provided its estimate is true, it is masked

The Cryosphere, 7, 491–498, 2013 www.the-cryosphere.net/7/491/2013/



P. Arneitz et al.: Gravity effect of glacial ablation in the Eastern Alps 497

Fig. 6.Gravity variation at Obergurgl corrected for the effect of glacial ablation based on the scenario 2 (left) and scenario 3 (right). Scenario
3 represents the maximum possible gravity increase due to ice loss.

by still-unexplained processes like local hydrology, erosion,
denudation etc. The same holds for isostatic or tectonic uplift
processes as indicated by recent crustal movement observa-
tions (Höggerl, 2001; Haslinger et al., 2007). An appropriate
evaluation requires a precise determination of potential el-
evation changes at the measuring point. Groundwater level
variations could be another factor, and its rise would cause
positive gravity changes. Unfortunately, both questions can-
not be clarified as corresponding data sets are presently not
available.

Erosion processes are another candidate for long-term
gravity changes. Estimates of bed load transport are available
only for some few rivers. For example, the sediment trans-
port into the Gepatsch reservoir located in the Kauner val-
ley 22 km west of Obergurgl consists of 12.000 m3 bed load
and 46.000 m3 suspended load per year (Tschada and Hofer,
1990). Considering the catchment area of 55 km2 this corre-
sponds to an average erosion rate of 1 mm yr−1. However, it
is impossible to derive reliable models for the calculation of
gravitational effects from these numbers alone.

Glacial ablation explains about 2/3 of the observed grav-
ity variations. The trend remaining after corrections can be
regarded as caused by a mixture of hydrological and geody-
namical processes and instrumental uncertainties. Man-made
mass displacements explain neither the erratic variations in
the measurement series nor the gravity increase. Seasonal
snow cover variations result in an average offset of 64 nm s−2

of the spring with respect to the autumn observation.
We highly recommend extending the gravity time series in

future in order to investigate the on-going dynamical/tectonic
processes. The instrumentation available today has much im-
proved accuracy; thus the prolongation of the gravity time se-
ries will help to clarify open questions regarding geodynam-
ical as well as seasonal effects. Of course, gravity measure-
ments are not an appropriate method for investigating glacier
shrinkage. Deriving the change in mass geometry from ob-
serving gravity at one location or even aerially is an ill-
posed, problematic approach. Contrarily, the paper shows the

extremely important role of glacier inventories in studying
geodynamical processes in the Alps or in any other glacier-
covered area by means of absolute gravimetry. Repeated
glacier inventories with high spatial resolution are manda-
tory. Additional geodetic, hydrological and meteorological
data would be essential in this context as well. It is expected
that the instrumental upgrade from the JILAg-6 to FG-5 ab-
solute gravimeter, which meanwhile has been implemented,
will reduce the scatter of the observation results remarkably.

Acknowledgements.The authors thank the Central Hydrographic
Office (Vienna) and the Commission of Geophysical Research of
the Austrian Academy of Sciences. Suggestions and comments of
two anonymous reviewers helped to improve the paper remarkably,
which is gratefully acknowledged.

Edited by: G. Hilmar Gudmundsson

References

Abermann, J., Lambrecht, A., Fischer, A., and Kuhn, M.: Quantify-
ing changes and trends in glacier area and volume in the Aus-
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Ruess, D. and Ḧoggerl, N.: Bestimmung rezenter Höhen- und
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