


68 THE BENEFITS OF GRAVIMETER FOR HYDROLOGY

a 150 b 150
125 125
5 c
= o
g : =
3100} ., < 100} -
S 3
ke
] - B
S 75| .1y 8 75
& s
»n o}
. w
50| . .- 50
25,/ . 009 25
RS AN } 3
0 0

o
N N N
o N o
=] & =]

~
(%))

Standard deviation

50 ..

Figure 5.6: Taylor diagrams [7aylor, 2001] comparing measured and modelled WSC for the models SG (a), BK1 (b)
and BK3 (c). Each figure also contains the measured WSC for the other sites.

5.4.3 Water storage changes

When we compare the modelled hydrological gravity
response (SG model) to the SG residuals for the whole
study period, we find that both signals show similarities
in terms of amplitude, interannual, seasonal and short-
term variations (Figure 5.7). The maximum amplitudes
of the SG residuals and the gravity response amount to
15.24 and 14.35 pGal respectively. This is caused by a
maximum WSC of 342 mm. These numbers are in line
with the seasonal gravity variations of 10 to 15 puGal for
the Durzon karst system in France estimated by Jacob et
al. [2008]. They are caused by a seasonal WSC of 240-
360 mm. The RMSD varies between 0.89 and 1.16 pGal.
For the SG residuals and the gravity response, the regres-
sion slope of 0.96-1.25 and a corresponding coefficient

Table 5.5: Statistics of the model validation against WSC

data.
Models Std R RMSD
SG 55.45-67.41 0.94-0.99 25.31-37.29
SGECHO 53.80-66.10 0.95-0.99 25.16-38.53
SGTRIME | 52.85-67.16 0.91-0.99 26.35-41.21
BK1 43.34-64.80 0.92-0.99 39.57-63.06
BKI1ECHO | 48.69-64.80 0.96-0.99 39.41-55.86
BKITRIME| 47.53-62.81 0.96-0.99 41.34-57.37
BK2 42.92-64.80 0.87-0.97 17.29-34.53
BK2ECHO | 48.69-66.55 0.89-0.96 19.41-32.13
BK2TRIME | 47.53-62.80 0.88-0.96 19.81-32.87
BK3 38.43-57.18 0.87-0.98 11.89-29.93
BK3ECHO | 38.43-57.17 0.86-0.98 12.74-28.93
BK3TRIME| 39.21-56.28 0.89-0.98 11.99-27.73
ECHO 52.23-61.43 0.91-0.98 27.13-41.81
TRIME 47.03-65.35 0.78-0.99 26.72-58.01

of determination of 0.90-0.95 reflect a good agreement in
phase and amplitude of both time series. The correlation
coefficient of SG residuals and gravity response ranges
between 0.95-0.97.

By focusing on the system state in comparison with the
meteorological driving forces, a clear response of WSC
can be observed in relation to the input/output fluxes
(compare Figure 5.2). The different time series show
weather-related characteristics and a seasonal course.
Similar temporal characteristics can be identified in the
hydrological gravity response, the SG residuals and the
modelled WSC. High deviations in absolute value as
well as in temporal dynamics for groundwater and soil
moisture data make it difficult to identify the system re-
sponse to the meteorological conditions. In Figure 5.2, a
high variability between the different groundwater levels
highlights the problem of single point measurements.
It raises the issue of choosing “representative” sites for
hydrological measurements, in particular for these com-
plex geological settings. The differences of soil moisture
measurements may not only reflect the spatial variability
of soil moisture but can also be due to the soil moisture
technique used, highlighting general problems in meas-
uring soil moisture in the vadose zone [e.g. Chow et al.,
2009; Evett et al., 2009; Saito et al., 2009]. Furthermore,
WSC in the deep vadose zone may differ significantly
from the top soil moisture, but no measurements are
available for this zone. SG measurements integrate over
the different hydrological storage components and the
sampling volume is several orders of magnitude larger
than for the point measurements. SG observations allow
for the identification of whole hydrological system re-
sponses to the driving forces.

5.5 Conclusions

This study investigates the use of temporal gravity
measurements as an integrative measure of the hydro-
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Figure 5.7: SG residuals (black line) and modelled gravity response (grey band) (top). Modelled water storage change
(bottom). The model was calibrated against the SG residuals for the period of 01 July 2005 to 30 July 2008.

logical system state. The benefits of gravimeters when
it comes to measuring WSC were assessed also in com-
parison to classical hydrological point measurements
(groundwater and soil moisture). To estimate local WSC,
a simple conceptual hydrological model was set up. This
is the first study in which a model has been calibrated
and evaluated using temporal gravimeter data as the only
calibration/evaluation constraint. The model was also
calibrated against groundwater and soil moisture data and
combinations of observation data sets. Using SG meas-
urements as calibration constraints improved the model
results substantially in terms of the model fit to the cali-
bration data, the predictive capability and the variation of
the behavioural model runs. For the SG model, the varia-
tions of the behavioural model runs and the amplitude do
not change when additional calibration data are included.
They do however change for models calibrated against
groundwater data when soil moisture is included.

SG observations are generalised and simplified measure-

ments because they integrate over different storages and
a larger area. In this context, they are in accordance with
the nature of strongly generalised and simplified models
(conceptual models). Furthermore, SG data can help hy-
drologists to find out which simplifications and generali-
sations are the right ones to describe the overall system
state [Kirchner, 2009]. SG time series can characterise
the hydrological system as a whole, whereas groundwa-
ter and soil moisture only permit the evaluation of model
components. In this context, the ‘right answers for wrong
reasons’ issue remains because it is difficult to assess the
internal model structure or single parameter sets using
only gravimeter data. Gravimeter records can help find-
ing the right answer, in this case total WSC, instead of
evaluating whether the reasons (model structures/pa-
rameters) are right or wrong but not knowing the right
answer.

The results of different models were validated using
independently estimated WSC based on a state-of-the-
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art lysimeter and complementary observations. Some
models predicted the amplitude of measured WSC in a
better way and others showed a higher agreement with
temporal dynamics. The results of SG models lie be-
tween these two different characteristics. In principle,
the model validation with independent data proves that
gravimeters can serve as a novel measurement method to
observe WSC. Rather than solving the inverse problem,
WSC are derived from a hydrological model of which
the gravity response is calibrated against the SG (forward
problem).

The high variability of groundwater and soil moisture
data raises the issue of representativeness of point meas-
urements. SG measurements integrate over different
hydrological storages and larger volumes and thus permit
the identification of the system response to the driving
meteorological forces. Hence, temporal gravimeter ob-
servations may reveal some system characteristics like
maximum total storage capacity, which could not be ob-
served in soil moisture and/or groundwater data.

In this context, they are comparable to discharge
measurements [Hasan et al., 2008]. The disadvantages
of gravimeters are that it is difficult to unambiguously
identify the signal source and that the sampling volume
and the radius of influence change over time [Creutzfeldt
et al., 2008; Creutzfeldt et al., 2010a]. These downsides
also apply to a certain extent to discharge measurements
where the area contributing to runoff may change over
time or the source is difficult to define (e.g. event/pre-
event water). This study shows additional similarities
between gravimeter and discharge measurements be-
cause due to the integral character of gravimeters, it is
difficult to constrain internal model structures or single
parameters solely based on one method as already
highlighted by Mroczkowski et al. [1997] for discharge
measurements. Nonetheless, gravimeter measurements
can be complementary to discharge observations. They
can help to characterise the catchment status above the
outlet point and thus to define storage-output relation-
ships. This provides a valuable contribution towards a
better general understanding of catchment dynamics and
towards constraining hydrological models.
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6.1 Summary of achievements

The objective of this study was to investigate the relation-
ship between hydrological mass variations and temporal
gravity measurements in order to reduce the interfering
hydrological signal from temporal gravity measurements
and to explore the value of temporal gravity measure-
ments for hydrology. To study this objective, a cross-
disciplinary approach was developed which integrates
measurements and modeling. The main findings with
regard to the research questions (see Chapter 1) are as
follows:

1. How is the gravitational signal influenced by
water mass as a spatiotemporal variable continuum
in the landscape?

To investigate the relationship between hydrological
mass variations and temporal gravity measurements, a
forward model to calculate the gravity response of the
water storage variable in space and time was developed
and a spatially nested discretization domain was suggest-
ed. The complex hydrological system was represented in
a simplified model and the gravity response due to 4D
hydrological variations was simulated by manipulating
this model. Although the relationship between hydrologi-
cal mass variations and temporal gravity measurements
is based on well-known physical laws, this study showed
that simulating the influence of WSC on gravity measure-
ments is necessary to understand the relationship of WSC
and temporal gravity measurements. This applies to both
the static distribution of hydrological mass in space as
well as the dynamic mass redistribution over time.

2. How can we estimate the local hydrological
gravity effect and reduce the interfering hydrological
signal from the gravity signal?

To understand the influence of local WSC on temporal
gravity measurements and in order to reduce the inter-
fering hydrological signal from gravity measurements,
this study showed that it is necessary to estimate local
WSC independently in all relevant water storage com-
partments. A comprehensive monitoring system was de-
signed and installed to measure hydrological variations in
all potentially relevant water storages, which were identi-
fied during the simulation. WSC were directly measured
and, where not directly measurable, WSC were derived
using analytically-based approaches. The results of the

data-based approach showed that WSC in the snow pack,
top soil, unsaturated saprolite and fractured aquifer are
all important terms of the local water budget and, hence,
have to be estimated for the reduction of the interfering
local hydrological signal. High uncertainties of the quan-
tification of local WSC demonstrated the limitations of
measuring local WSC using point measurements.

Therefore, an innovative approach combining lysimeter
measurements with complementary data (soil physics,
groundwater) and a physically-based hydrological model
was developed. The benefits of the lysimeter-based ap-
proach were assessed in comparison to other approaches
used in the past to correct for the local hydrological
influence. The lysimeter-based approach significantly
improved the independent estimation of WSC and thus
provided a better way of reducing the local hydrological
effect from gravimeter measurements. The lysimeter-
based approach showed that the gravity residuals are
caused to a larger extent by local WSC than previously
stated. At sites where temporal gravity observations are
used for geophysical studies beyond local hydrology, the
installation of a lysimeter is recommended.

3. Can gravimeters serve as a novel measure-
ment instrument for hydrology and, hence, allow for
a better characterization of the hydrological system?

At the Geodetic Observatory Wettzell, the gravimeter
residuals can be considered to be mainly caused by local
WSC based on the previous results so that the local hy-
drological information content of gravimeter residuals is
larger than previously estimated. However, due to the in-
tegrative character of gravity measurements, it is difficult
to unambiguously identify the source of the gravimeter
signal and, hence, to estimate single hydrological para-
meters from gravimeter measurements. In this study, the
gravimeter signal was used to characterize the hydro-
logical system as a whole, integrating over all different
WSC. In this context, they are similar in nature to runoff
measurements and allow for the characterization of the
hydrological system. Gravimeters can serve as a novel
measurement instrument for hydrology to observe the
water storage term in the water balance equation at the
field scale.
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6.2 Discussion and directions
of further research

During the investigation of the relationship between
hydrological mass variations and temporal gravity
measurements with the aim of reducing the interfering
hydrological signal from temporal gravity measurements
and of exploring the value of temporal gravity measure-
ments for hydrology, different aspects arose, which need
further discussion and can provide directions for further
research.

6.2.1 Simulating the gravity signal

It is necessary to simulate ‘how the gravimeter sees
changes in a complex hydrological system’ to understand
the influence of hydrological mass variations on tempo-
ral gravity measurements. This study suggests a nested
discretization of the model domain because it strikes
a balance between high discretization in the near field
and calculation time; both are prerequisites for grav-
ity modeling. From a geodetic perspective, the use of
homogeneous polyhedra seems to be more suitable for
gravity modeling, not least because they are more flex-
ible than rectangular homogeneous prisms [Petrovi¢ and
Skiba, 2001; Tsoulis et al., 2003]. Hydrologists, on the
contrary, work predominantly with raster-based data or
software (e.g., DEM, common GIS software, layer-based
vertical discretization of the subsurface), so rectangular
homogeneous prisms are more suitable for hydrological
gravity modeling. A nested model discretization is espe-
cially useful for investigating the gravity response of SGs
caused by WSC.

Simulating the relationship between hydrological mass
variations and temporal gravity measurements should
become a standard because it is a prerequisite in order
to understand and interpret the gravity residuals. The
development of a standard software to calculate the grav-
ity effect from hydrological mass variations is strongly
recommended. This software should integrate spatial
as well as temporal information. Based on information
about the topography and the near field, a conversion
factor should be derived for each elementary body in the
simulation domain. Instead of neglecting the volume di-
mension of the elementary body (as done in this study),
an approach should be used that integrates over each
volume element. This might increase the calculation time
but is not critical because for each elementary body, the
‘WSC to gravity response conversion factor’ has to be
calculated only once. Different complexity levels about
WSC data should be integrated by the software, ranging
from single time series of snow, soil moisture or ground-
water up to the calculation of the gravity response from
spatially distributed time-variable 4D WSC data. Finally,
this software should also allow for the calculation of
the large-scale hydrological gravity effect (deformation

and attraction term) from different global hydrological
models.

A user-friendly software commonly used by the commu-
nity would be a first step towards a standardized approach
to treat the hydrological gravity effect in gravimeter ob-
servation at all stations in a similar way. A standardized
approach is a prerequisite if the different gravimeters are
to be compared. In addition, a common approach could
also clarify some definition uncertainties that still exist
among scientists in this field, for example, to which spa-
tial domain the notation of local, regional or global grav-
ity effects applies.

6.2.2 Gravity measurements
for hydrology

This study showed that gravimeters can serve as a novel
measurement instrument for hydrology. Still, practical
aspects limit the application of gravimeters for hydro-
logy. SGs are the state-of-the-art relative gravimeters
with a temporal resolution of ~1 sec and an accuracy of
~0.1 pGal. However, they are cost-intensive in acquisi-
tion and operation. In general, they need a good infra-
structure and are operated at a fixed location, although
first attempts are made to take SGs into the field [ Wilson
et al., 2007]. The new SG generation — the iGrav™ SG
— will improve the applicability of SGs in terms of por-
tability, low drift and usability [GWR, 2009]. Absolute
gravimeters (FG5 and A10 [LaCoste, 2010a; b]) are
stable concerning the temporal drift and have the advan-
tage of being portable. The accuracy and temporal reso-
lution is not as high as for SGs [Schmerge and Francis,
2006], but they have already been used to study the re-
lationship of gravity and hydrology [Jacob et al., 2008;
Jacob et al., 2009]. Spring-based gravimeters are relative
gravimeters, portable and relatively inexpensive. In the
context of WSC, they are used on a campaign-basis to
map spatial variation of gravity changes in comparison
to a reference point. In general, gravity changes above
10-15 pGal can be detected by these gravimeters, and
with very high effort, the detection limit can be lowered
to ~2 uGal [Brady et al., 2008; Chapman et al., 2008;
Gettings et al., 2008; Naujoks et al., 2008; Pool, 2008].
For the sake of completeness, we would like to mention
that advances in atom interferometry promise to improve
the reliability of absolute gravity measurements and will
be available for the geophysical community in the future
[Angelis et al., 2009; Peters et al., 2001]. Hence, techni-
cal advances in gravimeter technology are necessary in
terms of portability, precision and cost-efficiency to tap
the full potential of gravimeter measurements for hydro-
logical applications and to make them routinely available
to the hydrological community.
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6.2.3 The near field problem

WSC in the near field (i.e., in the order of several meters
around the gravimeter) have a large influence on gravi-
meter measurements, but it is difficult to determine their
effect because the gravimeter measurement place has in
turn an impact on the WSC. Consequently, WSC in the
near field differ from WSC at larger distances where they
are more easily measurable.

Different strategies can be implemented to tackle the
near-field problem: 1) the construction impact on the hy-
drological system should be minimized so that WSC in
the near-field are comparable to WSC at larger distances;
2) WSC in the near-field should be measured so that dif-
ferences in the hydrological regime can be identified; 3)
the gravity effect of WSC should be unidirectional to
make the interpretation of the gravity signal easier; and
4) the distance between the gravimeter and the closest
WSC should be maximized so that no WSC occur in the
near-field.

At first glance, some strategies may contradict each other,
which would call for a balanced approach. However, all
of these strategies have to be implemented before and
during the construction of a gravimeter measurement
place implying that hydrologists should be consulted and
involved as early as during the site selection, planning
and construction process. The simulation of the influence
of WSC on temporal gravimeter observations should be
carried out during each of these phases so that the near-
field effect of WSC can be minimized and the estimation
of WSC in the near-field can be optimised.

The near-field problem is more of a practical than a scien-
tific problem. Nonetheless, it is one of the key problems
regarding WSC and temporal gravity measurements and
will determine success or failure in terms of the reduction
of the interfering hydrological signal and in terms of the
hydrological interpretation of the gravity measurements.
The near field problem needs much more attention in the
future.

6.2.4 Transferability to other
gravity measurement sites

In this study, the hydrological effects on SG measure-
ments of the Geodetic Observatory Wettzell were esti-
mated to reduce the interfering hydrological signal from
gravity measurements and to explore the potential of gra-
vimeter measurements for hydrology. Hence, the ques-
tion is: What can we learn from this case study at the
Geodetic Observatory Wettzell for other temporal gravity
measurement sites? Are the results transferable?

This study showed that the gravity residuals are caused
to a larger extent by local WSC than previously stated,
highlighting the importance of appropriately estimating
local WSC at temporal gravity measurement sites. The

local WSC are a key component of temporal gravity
measurements and a standard approach is required to de-
termine the local hydrological gravity effect in temporal
gravimeter measurements.

The presented lysimeter-based approach can serve as a
standard procedure for the reduction of the hydrologi-
cal effect at sites where continuous or frequent gravity
measurements are conducted. Complementary measure-
ments should be appropriately adjusted to measure WSC
in all relevant storages. For SG sites, the installation of a
lysimeter is recommended.

At sites with a lower temporal sampling interval like, for
example, sites where AG measurements are conducted
only once or twice a year, this approach may be difficult
to implement because of high costs due to the installation
and maintenance of lysimeters. Nonetheless, for these
sites it is also crucial to consider local WSC and thus,
WSC should be measured directly. Neutron probes may
be an appropriate alternative to lysimeter measurements.
They are an accurate tool to measure soil moisture profiles
in campaign-based intervals, and these measurements
can then be combined with the continuous measurements
of soil moisture probes, groundwater level probes and
precipitation gauges. The neutron probe-based approach
can be used for the reduction of local WSC in absolute
gravity measurement. Furthermore, neutron probes (con-
trary to other moisture probes) can also measure WSC in
deeper zones below the lysimeter so that they can serve
as a calibration and validation dataset in the lysimeter-
based approach since no continuous measurements are
possible by neutron probes.

This study further showed that due to the integrative
character of gravity measurements, it is difficult to un-
ambiguously identify the source of the gravimeter signal.
This makes a unique interpretation of individual stor-
age components or parameters challenging or even im-
possible if no complementary information is available.
Furthermore, extreme caution should be applied when
interpreting the gravity residuals, which are reduced
from local hydrological influence in terms of other ef-
fects, e.g., large-scale hydrological variation. Due to the
fact that the major part of the gravity residuals is caused
by local WSC, the gravity residuals can be used to study
the local hydrological system. Thanks to their capacity to
integrate over different storage components and a larger
area, gravimeters provide generalized information on
total WSC. This study showed that interpreting the grav-
ity residuals from this perspective can provide valuable
information about the hydrological system. This could
prove beneficial for other sites as well.

For the hydrological interpretation of the gravity re-
siduals and for the use of temporal gravity observation
beyond local hydrology, a monitoring system is manda-
tory to observe the water mass variation in all relevant
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water storages. The design of the measurement system
that was developed here can be applied to other gravity
measurement sites and, if necessary, should be adjusted
to the specific hydrological conditions at other sites, in-
cluding WSC in surface water for instance.

6.2.5 Spatiotemporal variability
of water storages

To estimate the hydrological interfering signal and to
assess the benefit of temporal gravimeter measurements
for WSC modeling, water storages were assumed to be
variable over depth, and the lateral variability of water
storages was only considered implicitly in some uncer-
tainty analyses. We were motivated to use this 1D ap-
proach by the fact that the hydrological system is an open
and complex system and, in order to study this system,
it is necessary to simplify it. For a first approximation,
the 1D assumption seems to be justified because at the
scale relevant for the gravimeter (50 - 80 % of the gravity
signal is generated within a radius of 50 m), the vari-
ability of WSC over depth is much more important than
the lateral variability of WSC. This is given because
water storages are controlled by driving processes like
infiltration, evaporation, plant water uptake, deep drain-
age, groundwater recharge or groundwater discharge,
as well as by internal properties of the system such as
soil hydraulic properties or macropores. At the scale
relevant for the gravimeter these first order controls of
water storages differ significantly over depth, whereas a
lateral continuity is given for most of the processes and
landscape features like precipitation, evapotranspiration,
topography, geology, soil types, etc.

Nonetheless, processes and system properties vary in
space with very different spatial continuities (correlation
length) and control the variability of water storages. The
spatial variability of boundary fluxes, internal system
parameters and water storages is closely related to spatial
scales because the importance of different controlling
mechanisms changes with scale [Bléschl and Sivapalan,
1995; Western et al., 2002]. To consider the lateral vari-
ability of water storages in gravity studies in the future,
it is necessary to reveal the explainable variability and
to explore the controlling mechanisms at the different
scales. Geostatistical techniques can help to character-
ize the spatial patterns of water storages [Bardossy and
Lehmann, 1998; Entin et al., 2000; Mohanty et al., 2000;
Western et al., 2002].

At the point scale, the water storages can vary at short
distances and generally are a system immanent feature,
which can be assumed to be randomly distributed (nugget
in a variogram) [Western et al., 2004]. However, also
technologies and methods used to estimate water stor-
ages can invoke considerable random variability [Evett

et al., 2009; Mazahrih et al., 2008] and can mask the
explainable variability at larger scales. At the field scale,
vegetation and soil hydraulic properties largely control
water storage because other landscape features such as
land use, geology, soil types or topography can be con-
sidered to be of rather homogenous variability [7euling
and Troch, 2005; Vereecken et al., 2007]. At saturation
state, water storages can be considered to be rather ho-
mogenous and have a high correlation length because the
spatial variability of porosity is relatively small [Corwin
etal.,2006; Harter and Zhang, 1999]. For the unsaturated
zone, the relation of water content and spatial variability
is still under discussion. Vereecken et al. [2007] suggested
that soil moisture variability increases during the process
of drying until the variability reaches a maximum and by
further drying decreases again. Other scientists [ Famigli-
etti et al., 1999; Hupet and Vanclooster, 2002], on the
contrary, reported an increase of soil moisture with de-
creasing mean moisture content. At the next larger scale
still relevant for gravity measurements (the hillslope
scale), the distribution of water storages is linked to the
topography. This correlation can be explained by the lat-
eral redistribution of water along the topography but may
also result indirectly from soil characteristics, meteoro-
logical forcings, land use and vegetation pattern, which
are frequently correlated to the topography [Brocca et al.,
2007; Kim, 2009; Merz and Plate, 1997; Weihermuller
et al., 2007; Western et al., 2002]. Although water stor-
ages are controlled by different factors at different scales,
different studies show that the correlation between water
storages and the controlling factors is not always given
[De Lannoy et al., 2007; Famiglietti et al., 2008].

In the context of temporal gravity measurement and spa-
tial variability, the concept of temporal stability plays an
important role because for gravity measurements, we are
more interested in changes of water storages than in the
absolute value. The temporal stability concept is based
on the assumption that spatial patterns are temporally
persistent and that the relationship between spatial loca-
tion and statistical measures of soil moisture are tempo-
rally invariant [Grayson and Western, 1998; Kachanoski
and de Jong, 1988; Vachaud et al., 1985]. Following this
concept does not only allow for the determination of a
sampling strategy to make a reliable estimation of areal
mean soil moisture, but due to the temporal stability, it
is possible to reliably determine the temporal variations
of soil moisture by a few measurements [Brocca et al.,
2009; Grayson and Western, 1998]. Due to the temporal
stability of the soil moisture pattern, Brocca et al. [2010],
for example, showed that the temporal variations of soil
moisture can be reliably (accuracy of better than 1 % )
estimated from 4 to 10 measurements at the field scale.
For studies focusing on temporal gravity observations
and WSC, this implies that temporal variations of soil
moisture (only relevant for gravimeters) can be estimated
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reliably using a few measurements only in case an appro-
priate soil moisture measurement technology is used.

Nonetheless, the developed concepts of the spatiotemporal
variability of water storages should be investigated in the
context of gravity measurements. For example, as a next
step at the Geodetic Observatory Wettzell, the 2D spa-
tial variability of water storages should be investigated
along the hillslope because preliminary results showed
that the water storage variability is mainly controlled by
topography. The spatially-distributed and dynamic de-
scription of WSC along hillslopes can be addressed by an
appropriate integration of the data and their spatial vari-
ability into a hydrological model [Bronstert, 1999; Merz
and Bardossy, 1998]. Additionally, the different hydro-
logical theories about spatiotemporal variability of water
storages should be evaluated in the context of gravity
observations by simulating the influence of spatially vari-
able WSC on gravity measurements as well as from the
experimental perspective. The theories about the spatio-
temporal variability of water storages were developed
and tested based mainly on surface soil moisture data
[e.g., Brocca et al., 2010; Famiglietti et al., 2008; West-
ern et al.,2002], but only very few studies used data from
deeper water storage changes [Kachanoski and de Jong,
1988; Pachepsky et al., 2005]. Hence, it might be prob-
lematic to apply them directly to gravity measurements
because gravity measurements are also influenced by
deeper WSC. At the same time, this reveals the potential
of gravity measurements to test the developed theories of
spatiotemporal variability in combination with different
spatial scales not only for surface soil moisture but also
for the whole hydrological system at the field scale.

6.2.6 Hydrological modeling and
temporal gravity data

To investigate the relationship of hydrological masses and
temporal gravity variations, different approaches were
used in this study: one approach based on hydrological
measurements only (Chapter 3), another approach, which
combines hydrological measurements with a physically-
based model (Chapter 4) and a third approach based on a
conceptual hydrological model (Chapter 5). Why differ-
ent approaches were used needs further evaluation.

Regarding the approach based on hydrological measure-
ments only, the question may arise: Why did we not use
a hydrological model to estimate the local hydrological
gravity effect? A hydrological model would have ex-
plained the hydrological system more comprehensive or
it could have been used to interpolate and extrapolate the
hydrological observations. A hydrological model may
have improved the correlation between local WSC and
SG residuals and would have allowed a more compre-
hensive uncertainty analysis. Hydrological model pa-
rameters have to be estimated, which is generally done

by calibration. But typically, the amount of available
calibration data is not sufficient to constrain all free pa-
rameters in a hydrological model, leaving the model with
considerable parameter uncertainty and often calling
into question the predictive capacity of these calibrated
models [Beven, 2006; Kirchner, 2006; Klemes, 1986b;
Seibert, 2003]. Hence, using a hydrological model would
not only have invoked considerable additional sources of
uncertainty that result from the modeling process itself
and are caused, for example, by uncertainties of the
model structure and model parameters. But the use of a
hydrological model would also have increased the risk
of fitting the estimated local WSC to the SG residuals,
where, in fact, the aim was to estimate the local hydro-
logical gravity effect independently from gravity data.
Local WSC estimated with the data-based approach were
associated with high uncertainties arising from classical
hydrological point measurements. Also, it is difficult to
describe the whole hydrological system in a comprehen-
sive way with measurements only. This task can only be
accomplished by a hydrological model, but the model
uncertainty has to be reduced, something that can be ac-
complished by increasing the amount of available cali-
bration data and/or decreasing the degrees of freedom of
the hydrological model.

Therefore, a more comprehensive approach was neces-
sary to reduce the uncertainty of WSC estimation on the
field scale. Consequently, an approach was developed
which combines lysimeter measurements with comple-
mentary measurements and a physically-based hydro-
logical model. Here, the model can be considered as a
tool to interpolate WSC between lysimeter and ground-
water measurements. Combining measurements with a
hydrological model in this way has the advantage that the
degrees of freedom of the hydrological model can be re-
duced significantly. In hydrological modeling, the actual
evapotranspiration is usually derived from the potential
evapotranspiration with assumptions made about the
vegetation, e.g., the species, root depth distribution, the
state of health and growth. The vegetation is integrated
into the model based on parameters such as leaf area
index, maximum root depth or root depth distribution.
To derive the actual evapotranspiration from the potential
evapotranspiration, these different vegetation parameters
and their variation over time have to be estimated. In our
study, WSC including evapotranspiration up to a depth of
1.5 m were measured instead of modeled. Thus, the esti-
mation of the hydraulic parameters for the soil could also
be avoided. Modeling the surface soil moisture, would
have implied the estimation of at least five different
parameters for at least three different horizons. Both
examples illustrate that the lysimeter-based approach re-
duces the degrees of freedom of the hydrological model
significantly, but the results still contain unresolved
uncertainties arising from the lysimeter measurement,
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the model structure and the parameters. The measured
soil parameters were directly integrated into the model,
neglecting the issue of effective parameters [Bloschl and
Sivapalan, 1995]. Lysimeter measurements were not
evaluated because of the missing reference measurement.
TDR probes were not considered an appropriate techno-
logy to assess lysimeter measurements due to differences
in the sampling volume. TDR measurements are also an
indirect technology to measure soil moisture, and they
are influenced by different sources of uncertainties aris-
ing, e.g., from the analysis of the transmission line or the
derivation of the soil moisture content from the electric
permittivity [Robinson et al., 2003]. The assessment of
lysimeter measurements in terms of the snow effect,
‘natural conditions’ and lower boundary condition is still
an open question. Uncertainties arising from the model
structure need to be addressed in the future. This could
be done according to the framework suggested by Butts
et al. [2004].

Finally, a hydrological model was calibrated automati-
cally for the first time against gravity residuals. To this
end, a conceptual model with only a few free model para-
meters was used. When calibrating and evaluating this
model, single model parameters cannot be constrained
using gravity residuals only because different parameter
sets gave almost identical fits to the observed gravity
data. The GLUE approach widely applied in hydrology
was used for this task, although some criticism for the
GLUE approach exists because of the subjective char-
acter and inconsistencies from a statistical point of view
[Mantovan and Todini, 2006]. This study showed that SG
observations generalize and simplify the hydrological
system and, thus, they are in accordance with the nature
of strongly generalized and simplified models (conceptu-
al models). However, using conceptual models calibrated
against the gravity signal for the reduction of the hydro-
logical noise is not a good option because this may also
remove parts or all of the SG signal of interest.

To sum up the discussion of hydrological modeling in the
context of gravity measurements, we can say that when-
ever the gravity signal should be reduced from the hydro-
logical interfering signal, a hydrological model should be
applied very carefully and parameter calibration against
the gravity residuals should be avoided. From the hydro-
logical view point, physically-based models in combina-
tion with gravity data should be given a try in the future,
especially for the investigation of the influence of lateral
variations of WSC and for the estimation of effective
parameters. In this case, more sophisticated calibration
techniques should be considered also in combination
with other observations to constrain internal model pa-
rameters by a multi-objective calibration scheme [e.g.,
Multiobjective Shuffled Complex Evolution Metropolis,
Vrugt et al., 2003].

6.3 Concluding outlook

I think that, from the hydrological perspective, the time
for hydrological gravimeters has come — gravimeters
that are specifically dedicated for hydrological monitor-
ing and thus designed and installed to meet hydrological
requirements. For hydrological gravimeters, the envi-
ronmental settings should be kept as simple as possible.
Disturbances of the near field should be minimized and
WSC should act only unidirectionally on the gravimeter,
i.e. WSC should either occur above or below the sensor
of the gravimeter. Hydrological gravimeters would be
especially useful to study open research questions re-
lated to the issue of storages in the context of upslope
versus near-stream zone influence on discharge [Seibert
et al., 2003a; Seibert et al., 2003b], storage dynamics
and streamflow including storage-runoff-relationships
[Kirchner, 2009; Spence, 2007; Spence et al., 2009; Wit-
tenberg, 1999], or storage states as a potential indicator
of flood and drought hazards [Reager and Famiglietti,
2009; Zehe et al., 2009].

Although the very high costs of temporal gravity mea-
surements will limit the application of gravimeters to
only a few scientific studies, I think that they are “worth
their salt” and I subscribe to the statement of Klemes
[1986a]: “it also seems obvious that search for new mea-
surement methods that would yield areal distributions,
or at least reliable areal totals or averages, of hydrologic
variables such as precipitation, evapotranspiration, and
soil moisture would be a much better investment for hy-
drology than the continuous pursuit of a perfect massage
that would squeeze the nonexistent information out of the
few poor anaemic point measurements [...] even Lucre-
tius Carus knew two thousand years ago that ‘nil posse
creari de nilo.””

6.4 Conclusion

This cross-disciplinary study showed that the effect of
local water storages on temporal gravity measurements
can be independently estimated and that hydrology can
benefit from temporal gravity measurements.
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