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Abstract. Water storage is the fundamental state variable ofmeasurement techniques necessary to be secure about what
hydrological systems. However, comprehensive data on totalorm these (storage-output; note from the author) relation-
water storage changes (WSC) are practically inaccessible bghips should take. .. except by seeing which functions might
hydrological measurement techniques at the field or catchbe appropriate in reproducing the discharges at the catchment
ment scale, and hydrological models are highly uncertain inoutlet (where we can take a measurement).”
representing the storage term due to the lack of adequate Progress in observation techniques has improved the es-
validation or calibration data. In this study, we assess thaimation of water storage at various scales. At the global
benefit of temporal gravimeter measurements for modellingscale, GRACE (Tapley et al., 2004) gives us the unique op-
WSC at the field scale. A simple conceptual hydrological portunity to estimate water storage changes (see Ramillien et
model is calibrated and evaluated against records of a sual. (2008) for a review) and to improve macro-scale hydro-
perconducting gravimeter (SG), soil moisture, and ground-ogical models (Zaitchik et al., 2008;i@tner, 2008; Werth
water time series. The model is validated against indepenet al., 2009a; Lo et al., 2010). At the field scale, water stor-
dently estimated WSC based on lysimeter measurementsige and its changes are generally estimated by point mea-
Using gravimeter data as a calibration constraint improvessurements, but high spatial and temporal variability makes
the model results substantially in terms of predictive capa-the estimation of water storage difficult. Different techniques
bility and variation of the behavioural model runs. Thanks and strategies have been developed to overcome these prob-
to their capacity to integrate over different storage compo-lems, e.g., gathering many soil moisture measurements and
nents and a larger area, gravimeters provide information ofinter-/extrapolating them by geostatistics (e.g., Western et al.,
total WSC that can be used to constrain the overall status 0f002) or ground penetrating radar measurements (GPR; e.g.,
the hydrological system in a model. The general problem ofHuisman et al., 2003; Huisman et al., 2002), the use of spatial
specifying the internal model structure or individual param- TDR soil moisture measurements (e.g., Graeff et al., 2010)
eter sets can, however, not be solved with gravimeters alonesr of high-precision lysimeters (e.g., von Unold and Fank,
2008) and the development of cosmic ray neutron probes
(Zreda et al., 2008). In general, these techniques are lim-
ited to the estimation of near-surface water storage. Neutron
probes, electromagnetic sensors in access tubes, electrical re-
In hydrology, measuring the water storage term in dhéy sistivity tomography _(ERT) or (cross-)bore_hole geophysics
hydrological equatior(Bloschl, 2005) — the water balance allow for the estimation of water stprage in c_leeper Zones,
equation — is still a challenging task at all scales. There-Put the temporal as well as the spatial resolution (depth and
fore, catchments are characterised by the output — in genarea) is limited. F_urther I|m|t§t|ons such as high inaccuracies
eral the discharge — using the storage-output relationship t§f eléctromagnetic sensors in access tubes (e.g., Evett et al.,
draw conclusions on the storage of an area. However, a§009) make the estimation of subsurface WSC at the field
Beven (2005) states “... we do not have the investigativeSC@l€ a challenging task, especially for deeper zones.
Ground-based temporal gravity measurements using ab-
solute or relative gravimeters are influenced by local WSC

Correspondence tdB. Creutzfeldt (e.g., Amalvict et al., 2004; Bonatz, 1967; Abe et al., 2006;
BY (benjamin.creutzfeldt@gfz-potsdam.de) crossley et al., 1998; Longuevergne et al., 2009; Kroner

Published by Copernicus Publications on behalf of the European Geosciences Union.

1 Introduction



http://creativecommons.org/licenses/by/3.0/

1716 B. Creutzfeldt et al.: The benefits of gravimeters for hydrology

and Jahr, 2006; Van Camp et al., 2006; Bower and Courtierfor the catchment response. The latter requires assumptions
1998; Boy and Hinderer, 2006; Meurers et al., 2007; Llubesabout the storage-output relationship to characterise the sys-
et al., 2004; Pool and Eychaner, 1995; Naujoks et al., 2008tem status.
Jacob et al., 2008). Within the Bouguer approximation, a In the absence of adequate observation data, the only and
one meter water mass change in a flat and infinitely ex-frequently used alternative to comprehensively characterise
tended plate causes a gravity response of 42 uGal. Focushe hydrological system status is by applying hydrological
ing on where this gravity response is generated in this layermodels. Many different hydrological models have been de-
the study of Leirdo et al. (2009) showed that 90% of the veloped ranging from simple, lumped, and conceptual mod-
gravity signal comes from a circular disk of a radius 10 els to complex, distributed, and physically-based ones. Typ-
times the vertical distance between the layer and the instruically, measured input fluxes are used to drive a model. The
ment. Topography determines the distribution of hydrologi- model parameters are calibrated to match the observed out-
cal masses in space and influences the relationship of WS@ut fluxes, usually river discharge. This approach leaves the
and gravity response. For the Geodetic Observatory Wettzellmodel with considerable uncertainty in representing the sta-
for example, distributing the infinitely extended plate along tus of a complex hydrological system because the relation-
the topography, a water mass change of 1 m causes a gravighip between the system response and its status may not be
change of 52 pGal (Creutzfeldt et al., 2008). Hence, the efunique (hysteresis, e.g., Spence et al., 2010) and/or many dif-
fect of WSC on gravity measurements depends on the topogferent parameter sets may result in similar system responses
raphy around the gravity sensor and is also a function of thgequifinality problem after Beven and Binley, 1992).
vertical distribution of mass change below the sensor. Differ- In this study, instead of calibrating a hydrological model
ent studies showed that local WSC within a radius of 50 toagainst output fluxes, we use information about the change
150 m around the gravimeter are of primary interest for theof the integral system status for model calibration. The aim
local hydrological effect on temporal gravity measurementsis to investigate the benefits of temporal gravimeter measure-
(e.g., Hasan et al., 2008; Van Camp et al., 2006; Hokkanen etnents for hydrological modeling as an integrative measure
al., 2006; Naujoks et al., 2008; Kazama and Okubo, 2009)of the water storage term. Different strategies exist to pa-
The gravity time series thus primarily reflect WSC on the rameterise/calibrate a hydrological model with geophysical
field scale, but the exact sampling volume is difficult to de- measurements. Frequently, geophysical data are integrated
fine. into a hydrological model by inverting the geophysical data
Consequently, the question arises: How can we use tempde estimate the spatial distribution of geophysical properties.
ral gravity measurements for hydrological applications? Dif- Hydrological quantities are then derived from the estimated
ferent studies focus on the interpretation of the gravity signalgeophysical properties and the hydrological model is param-
by single storage components (e.g., surface water (Lampitelleterised/calibrated based on these quantities (uncoupled hy-
and Francis, 2010; Bonatz and Sperling, 1995), snow (Breilidrogeophysical inversion). Contrary to that, a coupled hydro-
and Pettersen, 2009), soil moisture (Van Camp et al., 2006)geophysical inversion framework, as summarised byé&etr
or groundwater (Takemoto et al., 2002; Harnisch and Har-al. (2009), directly infers hydrological quantities from geo-
nisch, 2006)), or by estimation of different subsurface prop-physical measurements. Geophysical data are interpreted for
erties (e.g., porosity (Jacob et al., 2009), fractures (Hokkaneiydrological research by coupling hydrological and geophys-
et al., 2007), block content (Van Camp et al., 2006) or spe-ical models during inversion (Hinnell et al., 2010; Rings et
cific yield (Pool and Eychaner, 1995)). The unambiguousal., 2010; Rucker, 2009).
identification of the exact source of the gravimeter signal is For this study, this means in practice that we use (1) a
difficult or even impossible if no additional information is hydrological model with different parameter sets to calcu-
available implying that the estimation of single parameterslate the WSC, (2) a geophysical model to calculate how the
on the storages or properties is associated with a high ungravimeter responds to these WSC, and (3) the SG data to
certainty (Pool, 2008; Creutzfeldt et al., 2010a). Blainey etassess the parameter set by comparing them to the modelled
al. (2007), for example, pointed out that the estimation of hy-gravity response. The value of gravimeter observations is
draulic conductivity and specific yield by gravity data alone assessed in comparison to classical hydrological point mea-
was likely to be unacceptably inaccurate and imprecise. surements (groundwater and soil moisture) using the differ-
Temporal gravimeter measurements result in an integraként data sets as calibration constraints. We apply a simple
signal, integrating over different hydrological storages like conceptual model that comprises a set of connected linear
snow, soil moisture, and groundwater. Hence, one may adopgtorages with a limited number of free parameters as a typi-
a holistic perspective by considering temporal gravime-cal example of hydrological models. The results of the dif-
ter measurements as an integral signal of the hydrologicaferent calibrated models are evaluated and also validated by
system status similar in nature to discharge measuremeniadependent WSC. The concept and structure of this study is
(Hasan et al., 2008). More precisely, temporal gravity dataoutlined in Fig. 1.
can be a direct measure of the change of the system status —
the change of water storage — whereas discharge is a measure
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Fig. 2. Study area with the different hydrological sensors and the
topography represented by contour lines (distance 1 m). Location
of Wettzell in Germany and some major cities are displayed in the
inset map.
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derer, 2009), measures the temporal variation of the Earth’s
gravity field. The scale factor and the instrumental drift of
the SG were determined by absolute gravity measurements

(Wziontek et al., 2009a). Temporal variations of the Earth’s
gravity field are mainly influenced by tides of the solid Earth,
ocean loading effects, mass changes in the atmosphere and
Fig. 1. Concept map (s et al., 2005) showing objects (boxes) polar motion. These gravity effects have to be removed to
and processes of this study in combination with the study structurereveal the hydrological signal in gravimeter measurements.
A tidal analysis was performed to remove the solid Earth
tides and ocean loading effects. Atmospheric effects were re-
moved by three-dimensional modelling of atmospheric mass
changes (Kligel and Wziontek, 2009). The pole coordinates
as provided by the International Earth Rotation and Refer-

The study area is located in the Bavarian Forest, a mid moung c€ Systems Service (IERS) were used to calculate the ef-

tain range in the Southeast of Germany (Fig. 2). The area iéect of polar motion. _For details on the_ SG Instrument and
characterised by flat highlands with grassland and fields an&lata processing, the interested reader is referred to Hinderer
steep long slopes dominated by forestry. The study area surgt al. (2097)' ) ) )
rounds the Geodetic Observatory Wettzell operated by the SC residuals were derived by removing the different grav-
Federal Agency for Cartography and Geodesy (@enlet %Y effects from the SG signal. These readugl; are consid-
al., 2007). ered to be caused by hydrological mass variations because
The observatory is mainly surrounded by grassland with@ll other possible effects on te_m_poral gravimeter measure-
single bushes. The geology is made up of gneiss, andnénts are assumed to be negligible for Wettzell (e.g., post-

the bedrock seamlessly merges into the weathered saprolit%laCial rebound or processes in the Earth’s mantle and core).
layer. Creutzfeldt et al. (2010a) classified the underground©r the SG Wettzell, Creutzfeldt et al. (2008) showed that

of the gravimeter surrounding into the following four differ- Petween 52% and 80% of the local hydrological gravity sig-
ent zones: (1) soil zone with mainly loamy-sandy brown soils na!) is generated within a radius of 50 m around the SG, and
(Cambisols), (2) saprolite zone consisting of grus (weathere0% Of the signal comes from an area within a radius of

gneiss), (3) fractured zone, and (4) the basement zone. around 1000 m. A high correlation of independently esti-
mated WSC in this area and SG residuals (coefficient of de-

termination: 0.97; corresponding slope: 1.06) proved that a
major part of the gravity residuals is generated by WSC in
The dual-sphere SG CDO029 of the Geodetic Observatorythis area (Creutzfeldt et al., 2010b). In the present study, the
Wettzell, which is part of the Global Geodynamics Project large-scale hydrological effect on gravimeters (e.g., Llubes
(GGP) network (Crossley et al., 1999; Crossley and Hin-et al., 2004; Weise et al., 2009) is not considered due to

Section 4.3

Fig. 5; Fig. 6; Table 5
(Fig g ) Fig. 7)

(Fig. 3; Fig. 4; Table 4)

2 Study area and data

2.1 Study area

2.2 Gravity data
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Fig. 3. Time series of input and calibration data. Time series of daily precipitafdndaily reference evapotranspiration (ETo) and snow
height (top). Time series of soil moisture (middle) and groundwater data (bottom).

th,e QOmlnant local hydrologlcal influence and high UNCEI" 1aple 1. Measured variable and the corresponding devices/sensors
tainties in the modelling of large-scale WSC (e.g., Werth et the Geodetic Observatory Wettzell.

al., 2009b). The SG signal was not corrected for the global
hydrological effect because different hydrological models
show that the estimated gravity effect due to large-scale WSC

Measured variable Unit Sensor/Device

lies in the same order of magnitude as differences between Relative gravity HGal GWR SG CD029
different models (Neumeyer et al., 2008; Wziontek et al., Absolute gravity uGal Micro-g LaCoste FG5
2009b). Wind direction degrees Lambrecht 14512 G3
wind speed msl  Lambrecht 14512 G3
. Air temperature °C Lambrecht 809 MU
23 M rological
3 eteorological data Relative air humidity % Lambrecht 809 MU
. o . - Precipitation mm L-Tec tipping gauge
M_et(;aorolo%lcal ((jjataI ) 'Tur tée_mtperature, relatlvedhlémutma/], Global radiation W/ Kipp&Zonen CM11
wind speed, and global radiation — were recorded at the Snow depth mm Sommer USH-8

Geodetic Observatory Wettzell (Table 1 and Fig. 2) and were g0\ water equivalent mm Sommer snow pillow
processed to hourly time series for the whole study period gqj moisture (TRIME) m/m3  IMKO TRIME-EZ
from 1 July 2005 to 31 July 2009. A few data gaps in the g moisture (ECHO) #m3  Decagon EC-10
time series were filled using the nearby climate station All-  Groundwater head m SEBA MDS-Dipper-3
mannsdorf at a distance of 6km and an altitude of 557 m Groundwater head m SEBA MDS-Dipper-Tec
(LfL, 2009). The reference evapotranspiration for short grass
canopy was calculated from the climate data based on the
Penman-Monteith equation of the American Society of Civil
Engineering (Allen et al., 2005). measuring snow depth and the snow water equivalent (SWE)
Precipitation was measured by two heated tipping bucke{Fig. 2, Table 1). Before the installation, the snow depth was
rain gauges (Fig. 2, Table 1). The differences of the to-derived from two snow depth gauge stations close to the ob-
tal precipitation were less then 1% for both gauges for theservatory (Prackenbach-Moosbach: distance 8km, altitude
study period, so the mean of both gauges was used for fur505 m; Viechtach-Bhling: distance 3 km, altitude 662 m).
ther analysis. The precipitation was corrected for wind ef-Fig. 3 shows the records of precipitation, reference evapo-
fect and wetting losses, acknowledging the well-known un-transpiration and snow height.
dercatch of unshielded heated tipping gauges (Allerup, 1997;
Richter, 1995).
Since August 2007, a snow monitoring system consist-
ing of a snow pillow and an ultrasonic snow depth sensor is
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2.4 Hydrological/water storage data total WSC. In this context, we assume that the estimated
WSC from the multi-method and multi-site approach pre-
For the whole study period from 1 July 2005 to 31 July sented above can henceforth serve as validation data at the
2009, soil moisture and groundwater data were recordedfield scale (hereinafter referred to as “measured WSC”).
Soil moisture was measured with a capacitance (ECHO)
and ‘pseudo TDR’ sensor (TRIME) at a depth of 0.5m.
Groundwater level data were available from 3 different bore-3  Modelling
holes (BK1, BK2, BK3) using a relative pressure transducer.
Since mid-2007, additional boreholes have been drilled and3.1 Hydrological modelling
equipped with multi-parameter sensors, but of these, only
boreholes BK7 and BK10 close to the SG are relevant forFor the estimation of WSC, a simple conceptual hydrological
this study (Figs. 2 and 3, Table 1). model was set up with the prerequisite to account for both,
For the period from 30 July 2008 to 30 July 2009, inde- parameter parsimony and adequate representation of hydro-
pendently estimated WSC were available from Creutzfeldt elogical processes. On the one hand, the model should be
al. (2010b). In this study, WSC were derived from lysimeter as simple as possible with a few parameters only. On the
measurements in combination with complementary hydro-other hand, the model must represent the different hydrolog-
logical observations and a hydrological 1-D model for the ical storage components and water fluxes between them, be-
SG site. WSC up to a depth of 1.5m, precipitation, actualcause the gravity response depends on where and in which
evapotranspiration and deep drainage were estimated by storage WSC occur in relation to the gravimeter (Creutzfeldt
monolith-filled, suction-controlled, and weighable lysimeter et al., 2008). As a simplifying assumption to approximate
(von Unold and Fank, 2008). WSC below the lysimeter in the complex and open hydrological system, we consider wa-
the deep vadose zones, the saprolite zone, and in the grounter storages to vary over depth, neglecting the lateral vari-
water were estimated by the deep drainage of the lysimeability of water storages. This assumption was motivated by
ter and the groundwater level. Water redistribution in thethe fact that at the scale relevant for the gravimeter, the vari-
saprolite and groundwater zone and the groundwater disability of WSC over depth is much more important than the
charge were calculated using the physically-based hydrologhateral variability of WSC. This is given because water stor-
ical model HYDRUS 1-D $imunek et al., 2008). The under- ages are controlled by the driving processes like infiltration,
ground was classified into the saprolite (thickness 9.5 m) anevaporation, plant water uptake, deep drainage, groundwa-
the fractured (thickness 4.5m) zone and was parameteriseigr recharge or groundwater discharge, as well as by internal
based on measurements of water retention and of saturatgatoperties of the system such as soil hydraulic properties or
hydraulic conductivity and on pump tests (Creutzfeldt et al.,macropores. At the scale relevant for the gravimeter, these
2010a). Deep drainage measurements from the lysimetdfirst order controls of water storages differ significantly over
were used to define the upper boundary flux of the hydrolog-depth, whereas a lateral continuity is given for most of the
ical model. The lower boundary was defined by the ground-processes and landscape features.
water level (BKO7 and BK10) as variable head conditions. The model is based on the HBV model (Bergst;, 1992;
This approach developed for the SG site was transferred t®eibert, 2005) but has been adopted and modified to re-
the other groundwater sites (BK1, BK2, BK3). The under- flect storages and fundamental mechanisms of the study area.
ground model was adjusted and the corresponding groundBased on the underground classification, the model consid-
water level data were used as the lower model boundary. Thers WSC in the snow, soil, saprolite and groundwater stor-
underground was classified based on the cores from the coage. It consists of a snow (SS), top soil (SM) (depth: 0.0-
responding boreholes. At the BK1 site, the thickness of thed.5m), soil (/seil) (depth: 0.0-1.0m), saprolited/§aprolitd
saprolite (9.0 m) and fractured (3.0 m) zone was comparablédepth: 1.0-3.0 m), and groundwater modiey) (depth:
to the SG site. For the BK2 and BKS sites, the thickness13.0-16.0m). The model uses hourly precipitation, refer-
of the saprolite zone was only 4.5m and 3 m respectively.ence evapotranspiration and snow height as input data and
The fractured zone thickness was estimated to be 5.5 m foestimates the WSC in the different storages.
BK2 and 3.0m for BK3. Finally, for the four sites, namely  The snow water equivalent was computed based on the
SG, BK1, BK2 and BK3, WSC were estimated for the period snow depth and precipitation data. During periods with a
from 30 July 2008 to 30 July 2009 (Fig. 2). snow depth greater than zero, we assumed that all precipita-
In order to quantify near-surface hydrological flux and tion had fallen as snow (SiIn). We also assumed that a decline
storage processes, lysimeters are considered to be a very agt snow depth was caused only by snowmelt (SOut) neglect-
curate method (e.g., Tolk and Evett, 2009; Howell, 2004;ing snow compaction. The snowmelt amount was propor-
Yang et al., 2000). In combination with a well-constrained tionally estimated in relation to the snow depth decline. For
physically-based model and complementary data for thesach time step, the snow storage is
deeper zones, this suggests that the derived WSC are as close
as we can get to reality nowadays in terms of estimatingSSy) =SS, + SIn —SOuty 1)
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where rg is the time step preceding Precipitation and gravity response conversion factor” for each storage compo-
snowmelt (°) were divided into the top soil and soil module nent.

based on the factor alpha. The top soil storage was a simple The surrounding and subsurface structures in the vicinity
bucket storage with a maximum storage capacity of FC. Theof the gravimeter have a major influence on the relationship

top soil moisture was calculated as between WSC and gravity residuals. However, we do not
exactly know what happens below the gravimeter building,
SMt)=SMy) + Py x (1—alphg —ETay (2)  which prevents infiltration of water into the soil (umbrella

effect). Hence, uncertainties arise for the physical solution
dof the forward problem. For each storage component, we es-
timated the physically possible upper and lower bounds of
the “WSC to gravity response conversion factor” to take into

Excess watergexcess Was directly routed into the soil stor-
ageVsej. The actual evapotranspiration (ETa) was calculate
based on the reference evapotranspiration (ETo) as follows

SM(q) account these uncertainties. Therefore, we looked at both
_ ETo,) for == >LP S : .
ETa,)= SMyy) M) 3) possibilities in that we first calculated the gravity effect as-
EToy) gorp for —c- <LP suming that WSC can occur below the gravimeter building

and then, as a second possibility, excluded mass variations
elow the base plate. These uncertainties only apply for the

storage components SMsqji and Vsaprolite be€Cause snow

accumulates on the roof of the SG building and the free

where LP is the threshold reducing the reference evapotra
spiration depending on the soil moisture. The input into the
soil storage was determined by

Iy = Py, - alphat gexcess (4)  gravity-driven groundwater flow is not affected by the SG
building. Furthermore, we assumed for SM a¥igly stor-
and the outflow by ages that WSC occur neither in the concrete foundation nor

in the base plate of the SG building (Creutzfeldt et al., 2008).
Osoilr) = Qsoilugye '~/ + I [1—6_“_’0)/]‘5"”] (5)  This implies that three additional parameters have to be es-

timated to derive the gravity response from WSC in the SM,
whereks is the storage coefficient of the soil storage [h]. Vsoil and VsaproliteStorage (Table 2). These parameters were

The soil storage¥(soi) was calculated by considered to also account for the precipitation redistribution
from the SG roof to the drainage tank at a distance ® m
Vsoil(r) = ksoil - QSoil(r) - ®)  fomthe SG

The outflow and water storage of the saprol¥gdproiite
and groundwater Wsw) were estimated analogously to

_Eqs. (5) and (6) using the outflow of the upper storage e distinguished between calibration, evaluation and valida-
Input. . . tion process. The automated calibration of the hydrological
Three model pgrameters represented the interaction of 8hodel was based on the Generalized Likelihood Uncertainty
mosphere and soil (FC, LP, and alpha). The other three p Estimation (GLUE) method developed by Beven and Bin-
rameters controlled the water storage in soil, saprolite an ey (1992). 50000 Monte Carlo runs were performed with
groundwaterKsqil. Ksaprolite andkgw). A multiplication fac- yiztoron parameter sets. The parameter sets were sampled
tor for precipitation correction (Pcorr) was introduced to ac- assuming uniform distribution between the lower and upper
cour!t fgr possible di.fferences of pre_cipitation measured bybounds. For the initial model runs, the parameter range was
the tipping bucket rain gauge and lysimeter. chosen based on previous studies (Seibert, 1996; Merz et al.,
2009), but the range was adjusted in such a way that the pa-
rameters for the behavioural model runs were limited only by

The gravity response was calculated based on a geophysphysical properties.

cal model presented by Creutzfeldt et al. (2008) for a square !N the GLUE approach, the definition of behavioural
with a side length of 4 km and the SG located in its centre. nmodel runs is based on a threshold value for the performance

this approach, a spatially nested discretisation domain waldices. Here, the correlation coefficiert)(was used as a
developed. A high-precision DEM was used to distribute performance index of the relative temporal dynamics in the

the estimated WSC along the topography and to discretis§mulated time series. Using avoids the need to get ab-
the continuous landscape into elementary bodies. For eacfClute water storage data from the observations by deriving
elementary body the gravity effect was calculated based o€ SPecific yield of the aquifer and estimating the field ca-
a modified point mass equation (MacMillan, 1958; Ladri pacity of the soil or calibrating the soil moisture sensors. In
et al., 2009). The gravity response for each different storagdhiS Study, we defined the top 0.1% of the model runs as be-
component was derived by summation of all gravity Ch(,;mgegmwoural model runs. This allows for a better quantitative

in each elementary body in the corresponding storage zon&omparison of the different calibrated models (Juston et al.,
of the model domain. By doing this, we derived a “WSC to 2009).

3.3 Assessment of model performance

3.2 Gravity modelling

Hydrol. Earth Syst. Sci., 14, 171%%#3Q 2010 www.hydrol-earth-syst-sci.net/14/1715/2010/
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Table 2. Parameters of the hydrological model and for the estimation of the gravity response and their lower and upper bounds.

Parameter  Description Unit Min. Max.
Hydrological parameters

Pcorr Precipitation correction parameter - 0.9 1.15

FC Field capacity mm 50 300

LP Threshold for reduction of ETo - 0.5 1.0

alpha Shape coefficient - 0 0.2

ksoil Recession coefficient for top soil storage h 0 3000

ksaprolite ~ Recession coefficient for saprolite storage  h 50 5500

kew Recession coefficient for groundwater h 50 5500
Gravity response parameters

SSWE Factor for snow gravity response pGal—3.9x 108 x SWE2—0.0009% SWE

gsM Factor for top soil gravity response pGal 0.026 0.015

gsoil Factor for soil gravity response pGal  0.035 0.017

gsaprolite ~ Factor for saprolite gravity response uGal 0.050 0.014

gGW Factor for groundwater gravity response pGal 0.049

Table 3. The different calibrated models based on the different data

sources and the site type.

Models Data set Site
type
Groundwater Soil moisture
SG BK1 BK2 BK3 ECHO TRIME
SG X Deep
SGECHO X X vadose
SGTRIME X X zone
BK1 X
BK1ECHO X X
BK1TRIME X X
BK2 X Shallow
BK2ECHO X X vadose
BK2TRIME X X zone
BK3 X
BK3ECHO X X
BK3TRIME X X
ECHO X
TRIME X

models. In total, 14 different calibrated models were derived
(Table 3). Each of these models consisted of 50 behavioural
model runs.

The model performance was tested using two different
strategies: evaluation and validation of the model. For
model evaluation, we applied a split-sample test according to
Klemes (1986). The record was split into two parts of equal
duration from 1 July 2005 to 31 December 2006 and from
1 January 2007 to 1 July 2008. The model was calibrated
for the first period and the performance was evaluated us-
ing the data from the second period. Then, the periods were
swapped and the model was calibrated for the second period
and evaluated for the first period. A warm-up period of 2
years was used prior to every simulation. Finally, the model
performance was evaluated by comparing the performance
indices for the different calibration/evaluation periods. The
model can be considered acceptable if the model performs
similarly well for both periods.

The split-sample test is a classical hydrological model test,
which is a necessary rather than a sufficient testing scheme
allowing to assess the capability of the model to make accu-
rate predictions also for periods outside the calibration pe-
riod (Refsgaard and Knudsen, 1996). Using SG as calibra-

The performance of each single model run was evaluatedion constraint, this test can prove the model adequacy to
by comparing modelled to measured data. First, we com+epresent the SG residuals also outside the calibration pe-
pared the modelled gravity response to the SG residuals. Seciod. However, temporal gravity data do not directly mea-
ond, the performance of each model run was evaluated bgure the WSC inmm, but express the influence of WSC in

comparing WSC in the SM storage and thiey storage to

change of gravity. Hence, a second strategy for testing the

the soil moisture (ECHO, TRIME) and groundwater mea- model with independent data, the model validation, was im-
surements (BK1, BK2, BK3). Third, a multi-criteria calibra- plemented. The WSC from the lysimeter approach for the
tion was performed based on soil moisture and groundwatedifferent sites (see Sect. 2.4) were used as the validation data.
head on the one hand and soil moisture and gravity data oBased on the available data, the study period was divided
the other. The mean of the different performance indices wasnto a calibration period (from 1 July 2005 to 30 July 2008)
used to allow a direct comparison to single-criteria calibratedand a validation period (from 30 July 2008 to 31 July 2009).
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Table 4. Range of performance indices for the different calibra- < 1 2 1
tion/evaluation periods for the models calibrated against the differ- 3 s ¥
ent data sources. ~ 08 o 0.8 £,
2 gl E > i}
Calibration Evaluation Calibration Evaluation 806 e 306 I
c 9% c
Period 2005-2006 2007-2008 2007-2008 2005-2006 2 ¢ i)
S 0.4 S 0.4
SG 0.98-0.99 0.94-0.99 0.99-0.99 0.84-0.98 = =
BK1 0.90-0.92 0.53-0.75 0.83-0.86 0.55-0.76 Ll>J 04 06 08 1 Lﬁ 04 06 08 1
BK2 091-0.94 ~ 0.42-0.63  0.80-0.81  0.31-0.71 Calibration Jul 05 - Jan 07~ Calibration Jan 07 - Jul 08
BK3 0.86-0.88 0.46-0.71 0.67-0.81  0.56-0.89
ECHO 0.80-0.81 0.76-0.82 0.88-0.89  0.81-0.81 + SG + BK1 BK2 - BK3
TRIME 0.51-0.52 0.53-0.60 0.53-0.60 0.51-0.52

SGECHO ~ 0.87-0.88  0.76-093  0.95-095  0.71-0.80 Fig. 4. Model performance of four models for the calibration versus

BK1ECHO 0.84-0.85 0.63-0.82 0.87-0.88 0.67-0.77 ; ; : ;
the evaluation periods. Herg,is used as a performance index.
BK2ECHO 0.84-0.85 0.57-0.77 0.83-0.84  0.51-0.75 P ! P

BK3ECHO 0.81-0.83 0.63-0.81 0.79-0.84  0.60-0.82
SGTRIME ~ 0.77-0.79  0.72-0.81  0.87-0.87  0.64-0.70 _
BKITRIME 0.72-0.80 0.50-0.74  0.77-0.78  0.54-0.66 rameters influence the groundwater part of the model because

Eigg:mg 8-;5:8-;8 8'32:8% 8-;3:8-;?1 8-‘5‘2:8-22 Vgw is the last component in the storage cascade. Hence, the
T el i il same parameter amount is available to fit the model to the
groundwater record as to match the SG observations. The
three “WSC to gravity response conversion factors” are of
Different models were calibrated against gravimeter, ground-minor importance for the temporal reproduction of the SG
water and/or soil moisture data as described above. The modesiduals because they only influence the amplitude of the
els were validated by independently measured WSC. Thaignal.
modelled and measured results were compared ugjrige Figure 4 and Table 4 summarise the comparison of the
standard deviation and the centred root-mean-square diffeimodel performance during the calibration versus the eval-
ences (RMSD) (Taylor, 2001). The model validation with in- uation periods. The differences of the performance index
dependent data allows gaining credibility in the novel mea-petween the calibration and evaluation period are higher for
surement method to serve as calibration/validation data fomodels calibrated against groundwater or soil moisture than
hydrological modelling. for models using SG data as calibration constraint. This pat-
Finally, the modelled hydrological gravity response (SG tern is persistent also for the multi-objective calibrated mod-
model) is compared to the SG residuals for the whole studyels. The model evaluation shows that the model predicts the
period. For this comparison, the Nash-Sutcliffe coefficienttemporal behaviour of the SG residuals in a better way than
(Nash and Sutcliffe, 1970) was used as a performance indethe temporal variation of the groundwater or soil moisture
to constrain the “WSC to gravity response conversion fac-for the calibration and evaluation period. For the indepen-

tors”. dent evaluation period, the model performance for ground-
water and/or soil moisture models deteriorates more than for
SG models.

4 Results and discussion One explanation for the difference in model performance
and predictive capability is that point measurements of WSC

4.1 Model evaluation are a product of complex processes such as preferential flow,

root water uptake, soil freezing/thawing or lateral flow. Fur-
Focusing on the performance of the behavioural model setthermore, WSC vary in space due to spatial heterogeneity
(top 0.1% simulations) during the calibration/evaluation pe-of landscape features. Hence, differences of modelled and
riod, differences between the models calibrated against difmeasured records exist because these detailed processes or
ferent data sources could be identified. For the calibratiorthe spatial variability of WSC could not be represented by
period, using groundwater and/or soil moisture as calibrathe generalised and simplified conceptual model. Since they
tion constraints, the maximum achieved performance indicesntegrate over different storages and a larger area, SG mea-
were smaller and the range of the performance indices wasurements can resolve neither the detailed and complex pro-
larger than for models calibrated against SG data (Table 4)cesses nor the high spatial variability of WSC. SGs capture
As a reason for this, one could argue that more parametera generalised and simplified signal, which is in accordance
are available to match the SG record than to fit the modelwith the nature of conceptual models. Not surprisingly, the
to the other observation data. The larger number of degreeperformance and predictive capability is better for the gener-
of freedom may cause better calibration performance. Thislised and simplified signal than for a complex and variable
could be true for soil moisture where only four parameterssignal.
can be calibrated to match the observation. But all model pa-
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T eral, the variation of the behavioural model runs correlates
. positively with the signal amplitude. Here, the signal ampli-
100 (. tude is expressed as the standard deviation of the mean time
sold H O 1 | | [ | series. Fig. 5 summarises the performance of the different
— = 1 — u models in a box plot for the calibration period. Using SG
ol Ll - 1V =—=1==- data to constrain the model parameters reveals that the varia-
. oo tion of the behavioural model runs is relatively small in com-
! 1 1! 1 Yyl 1 parison to the other groundwater/soil moisture data. Neither
1 L variation nor amplitude change when additional information
OO L OO LOLKLOELOoN is included.
2 XS O Ko S LN The model based on BK1 data shows that including soll
oY Q;l“ <315 Q;Q'@+ Q;lib@lib moisture data into the calibration process reduces the varia-
tion of the model runs and increases the total amplitude. For
Fig. 5. Performance of the different models for the calibration pe- the BK2 model, soil moisture data can increase (BK2ECHO)
riod. The median of the box plot is a measure of the signal am-or decrease (BK2TRIME) the variation of the behavioural
plitude (the standard deviation of the mean signal). The box andmodel runs. Soil moisture data do not affect the variation or
whisk(?rs represent the scattering of the sta_ndard deviation of th%mplitude of the BK3 model significantly, but the scattering
beh.av_loural model runs computed at each time step (the s_ta_ndacr)ﬁf the behavioural model runs is relatively large. The be-
deviation c_)f the mean signal was add_ed to the standard deviation avioural model runs show the maximum variation for mod-
the behavioural model runs at each time step). - . . . . .
els using soil moisture data as the only calibration constraint.
SG data can characterise the whole hydrological system

Due to the integral character of SG measurements iecause the inclusion of additional data does not change the
remains difficult to make statements about internal modelmOde| results in terms of variation of the behavioural model

structures or to differentiate between single parameter setdUnS and total signal amplitude. In contrast to this, soil
Soil moisture and/or groundwater data permit the evaluatiof™0isture or groundwater data can be used to calibrate sin-
of internal model components. For example, the model pergle model comporjen_ts_z directly, whereas including additional
formance of BK2 reaches up to 0.94 for one calibration pe-data can have a significant effect on the model results.
riod, whereas the maximum model performance is only 0.81 Focusing on the validation data in Fig. 6, two different site
for the other calibration. Soil moisture measurements are anlyP&S can be distinguished (Table 3). The seasonal amplitude

other example. For one soil moisture sensor, the model per?f WSC of the sites SG and BK1 is larger than that of sites
formance is as high as 0.89, whereas for the other sensoPK2 and BK3, something which is also reflected by the stan-
the maximum performance index was only 0.60. Still, it re- dard deviation of the measured time series which amounts to

mains difficult to evaluate whether the differences are due tg?® MM for the SG site and to 102mm for the BK1 site, but
parameterisation problems, structural model errors or spatidf ©nly as high as 67 mm and 57 mm for BK2 and BK3 re-
variability (neglecting observation data errors). SG data, orSPectively. The two site types differ not only in the seasonal
the contrary, permit the evaluation of the total model becaus@MPlitude but also in temporal dynamics. At the sites SG and

they represent the water storage status instead of evaluatifg/<l: We can identify a later and stronger increase of water
single model parameters or the internal structure. storage during the snowmelt event from February to March

The model evaluation shows that using SG data as Ca|i_2009,whereas the recession of water storages is faster for the

bration constraints improves the model performance and th&t€s BK2 and BK3 (Fig. 6). These differences are caused by
predictive capability. In this context, SG measurements carthe varying thickness of the vadose zone at thg different sites.
substantially improve the evaluation of the model results.FOr BK2 and BK3, the groundwater depth varies between 4

Nonetheless, different parameter sets can give the identicg"d 8 M, whereas for SG and BK1, the groundwater depth

fit to the calibration data, raising the issue of getting the right2mounts to up to 14.5m (Fig. 3). _ _
answers for the wrong reasons. Figure 6 shows the modelled WSC in comparison to the

validation data estimated based on the lysimeter approach.
4.2 Model validation The same picture applies to the validation and the calibration

period. In general, the variation of the behavioural models
The model was calibrated for the period from 1 July 2005 toruns is larger for models calibrated against groundwater than
30 July 2008 using again SG, groundwater and soil moisturdor the SG models. All models underpredict the seasonal am-
data to constrain model parameters. For the calibration peplitude of the measured WSC. Most of the models reproduce
riod, the performance of each model was assessed in ternthe temporal variations of WSC well and agree on the event
of the variation of the behavioural model runs. Here, thisscale as well as on the seasonal scale.
variation is expressed as the standard deviation of the be- The variation of the behavioural model sets, the differ-
havioural model runs computed at each time step. In genences in amplitude and temporal variation, are graphically

Standard deviation
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Fig. 6. Modelled WSC in comparison to the corresponding validation data estimated based on the lysimeter approach for the period of July
2008 to July 2009. The modelled WSC are presented as the mean of the behavioural model runs in combination with the mean plus/minus
two times the standard deviations of the behavioural model runs (see Table 3 for explanation of different models).
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Fig. 7. Taylor diagrams (Taylor, 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.

summarised in Taylor diagrams (Taylor, 2001). This is illus- deviation, whereas the observed and modelled WSC have a
trated for the SG model and for two different site types (BK1 smaller R. This pattern is consistent for the different site
and BK3) (Fig. 7). The Taylor diagram can show how well types. The modelled WSC for deeper vadose zone sites agree
the modelled pattern matches the validation data in terms obetter with the validation data in terms of temporal dynamics
R, RMSD and standard deviation. The standard deviation ofthigher R). For shallower sites, the models fit the total sig-
the modelled WSC for BK1 ranges between 43 and 65 mmnal amplitude in a better way (smaller RMSD). The results
and is clearly smaller than the observed one, Butan be  of the SG model lie between these two different character-
as high as 0.99. Contrary to model BK1, the differences foristics. For the sake of completeness, Table 5 also shows the
BK3 are smaller in terms of observed and modelled standardaylor statistics for the other models. The validation shows
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Fig. 8. SG residuals (black line) and modelled gravity response (grey band) (top). Modelled water storage change (bottom). The model was
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calibrated against the SG residuals for the period of 1 July 2005 to 30 July 2008.

Table 5. Statistics of the model validation against WSC data.

Models Std. dev. 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
BK1ECHO 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

These numbers are in line with the seasonal gravity varia-
tions of 10 to 15 pGal for the Durzon karst system in France
estimated by Jacob (2008). They are caused by a seasonal
WSC of 240-360 mm. The RMSD varies between 0.89 and
1.16 uGal. For the SG residuals and the gravity response,
the regression slope of 0.96—1.25 and a corresponding coeffi-
cient of determination of 0.90-0.95 reflect a good agreement
in phase and amplitude of both time series. Thef 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
Fig. 3). The different time series show weather-related char-
acteristics and a seasonal course. Similar temporal char-
acteristics can be identified in the hydrological gravity re-
sponse, the SG residuals and the modelled WSC. High devi-
ations in absolute value as well as in temporal dynamics for
groundwater and soil moisture data make it difficult to iden-
tify the system response to the meteorological conditions.
In Fig. 3, a high variability between the different ground-

that hydrological models constrained by temporal gravime-water levels highlights the problem of single point measure-
ter data only, can reasonably predict the measured WSC iments. It raises the issue of choosing “representative” sites
terms of amplitude and temporal dynamics. Hence, temporafor hydrological measurements, in particular for these com-
gravimeter data can be used to estimate WSC, even thougplex geological settings. The differences of soil moisture
WSC are measured in change of gravity and not in millimetremeasurements may not only reflect the spatial variability of

of water.

4.3 Water storage changes

When we compare the modelled hydrological gravity re-

soil moisture but can also be due to the soil moisture tech-
nigue used highlighting general problems in measuring soil
moisture in the vadose zone (e.g., Evett et al., 2009; Chow et
al., 2009; Saito et al., 2009).

Furthermore, WSC in the deep vadose zone may differ sig-

sponse (SG model) to the SG residuals for the whole studyificantly from the top soil moisture, but no measurements
period, we find that both signals show similarities in terms are available for this zone. Gravity measurements integrate
of amplitude, interannual, seasonal, and short-term variaever the different hydrological storage components and the
tions (Fig. 8). The maximum amplitudes of the SG residualssampling volume is several orders of magnitude larger than
and the gravity response amount to 15.24 and 14.35 pGal rehat for the point measurements. Gravity observations allow
spectively. This is caused by a maximum WSC of 342 mm.for the identification of whole hydrological system responses
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to the driving forces, and gravimeters can serve as a novethe amplitude do not change when additional calibration data
measurement instrument for hydrology. are included. They do however change for models calibrated
Still, practical aspects limit the application of gravimeters against groundwater data when soil moisture is included.
for hydrology. SGs are the state-of-the-art relative gravime- SG observations are generalised and simplified measure-
ters with a temporal resolution efl sec and an accuracy of ments because they integrate over different storages and a
~0.1uGal. However, they are cost-intensive in acquisitionlarger area. In this context, they are in accordance with the
and operation. In general, they need a good infrastructurdature of strongly generalised and simplified models (con-
and are operated at a fixed location, although first attemptseptual models). Furthermore, SG data can help hydrolo-
have been made to take SGs into the field (Wilson et al.gists find out which simplifications and generalisations are
2007). The new SG generation — tf@rav™ SG — will the right ones to describe the overall system state (Kirchner,
improve the applicability of SGs in terms of portability, low 2009). SG time series can characterise the hydrological sys-
drift and usability (GWR, 2009). Absolute gravimeters (FG5 tem as a whole, whereas groundwater and soil moisture only
and A10; Micro-g LaCoste, 2010a, b) are stable concerningoermit the evaluation of model components. In this context,
the temporal drift and have the advantage of being portablethe ‘right answers for wrong reasons’ issue remains because
The accuracy and temporal resolution is not as high as foit is difficult to assess the internal model structure or sin-
SGs (Schmerge and Francis, 2006), but they have alreadgle parameter sets using gravimeter data only. Gravimeter
been used to study the relationship of gravity and hydrologyrecords can help finding the right answer, in this case to-
(Jacob et al., 2008, 2009). Spring-based gravimeters are retal WSC, instead of evaluating whether the reasons (model
ative gravimeters, portable, and relatively inexpensive. Instructures/parameters) are right or wrong but not knowing
the context of WSC, they are used on a campaign-basis tthe right answer.
map the spatial variation of gravity changes in comparison The results of different models were validated using inde-
to a reference point. In general, gravity changes above 10pendently estimated WSC based on a state-of-the-art lysime-
15 uGal can be detected by these gravimeters, and with verier and complementary observations. Some models predicted
high effort, the detection limit can be lowered te2 uGal  the amplitude of measured WSC in a better way and others
(Brady et al., 2008; Chapman et al., 2008; Gettings et al.showed a higher agreement with temporal dynamics. The
2008; Pool, 2008; Naujoks et al., 2008). For the sake of com+esults of SG models lie between these two different charac-
pleteness, we would like to mention that advances in atonteristics. In principle, the model validation with independent
interferometry promise to improve the reliability of absolute data proves that gravimeters can serve as a novel measure-
gravity measurements and will be available to the geophysiment method to observe WSC. Rather than solving the in-
cal community in the future (de Angelis et al., 2009; Petersverse problem, WSC are derived from a hydrological model
et al., 2001). Hence, technical advances in gravimeter techef which the gravity response is calibrated against the SG
nology are necessary in terms of portability, precision and(forward problem).
cost-efficiency to tap the full potential of gravimeter mea-  The high variability of groundwater and soil moisture data
surements for hydrological applications and to make thenraises the issue of representativeness of point measurements.
routinely available to the hydrological community. SG measurements integrate over different hydrological stor-
ages and larger volumes and thus permit the identification
of the system response to the driving meteorological forces.
5 Conclusions Hence, temporal gravimeter observations may reveal some
system characteristics like maximum total storage capacity,
This study investigates the use of temporal gravity measurewhich could not be observed in soil moisture and/or ground-
ments as an integrative measure of the hydrological systerwater data.
state. The benefits of gravimeters when it comes to measur- In this context, gravimeters might contribute to upscale
ing WSC were assessed also in comparison to classical hypoint measurements to the field scale and can narrow the
drological point measurements (groundwater and soil mois-gap to the catchment scale. Hence, temporal gravity mea-
ture). To estimate local WSC, a simple conceptual hydrologi-surements also should be investigated in the context of the
cal model was set up. This is the first study in which a modellateral variability of water storages. For example, as a next
has been calibrated and evaluated using temporal gravimestep at the Geodetic Observatory Wettzell, the spatial vari-
ter data as the only calibration/evaluation constraint. For theability of water storages will be investigated along the hill-
sake of comparison, the model was also calibrated againstlope using a physically-based hydrological model in a cou-
groundwater and soil moisture data and combinations of obpled hydrogeophysical inversion framework. Additionally,
servation data sets. Using SG measurements as calibratiatifferent concepts of spatio-temporal variability and stability
constraints, improved the model results substantially in termge.g., Western et al., 2004; Vereecken et al., 2007; Teuling
of the model fit to the calibration data, the predictive capabil-and Troch, 2005; Brocca et al., 2010; Grayson and Western,
ity, and the variation of the behavioural model runs. For the1998; Kachanoski and de Jong, 1988; Vachaud et al., 1985;
SG model, the variations of the behavioural model runs and=amiglietti et al., 2008) should be evaluated in the context
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of gravity observations (e.g., Glegola et al., 2009). TheseAllerup, P.: A comprehensive model for correcting point precipita-
theories were developed and tested based mainly on near- tion, Nordic Hydrol., 28, 1-20, 1997. _
surface water storage, but only very few studies used data Amalvict, M., Hinderer, J., Makinen, J., Rosat, S., and Rogister,
from deeper zones (e.g., Pachepsky et al., 2005; Kachanoski Y-: Long-term and seasonal gravity changes at the Strasbourg
and de Jong, 1988). So, it might be problematic to apply station and their relation to crustal deformation and hydrology, J.
them directly to gravity measurements. At the same time, CG€odynam., 38, 343-353, 2004. o
this reveals the potential of gravity measurements to test the'?’ ergstom, S.. The HBV model - its structure and applications.,
d | d th p f t'gt y | iability i bi Swedish Meteorological and Hydrological Institute (SMHI),
eveloped theories of spatio-temporal variability in combi- o 16ning, 1992.
nation with different spatial scales not only for' near-surfacegeyen K., and Binley, A.: The future of distributed models: Model
water storages but also for the whole hydrological system.  calibration and uncertainty prediction, Hydrol. Proc., 6, 279—
Gravity measurements provide an integral signal which 298, 1992.
makes them comparable to discharge measurements (Has&even, K. J.: Rainfall-runoff modeling: Introduction, in: Encyclo-
et al., 2008). The disadvantages of gravimeters are that pedia of hydrological sciences, edited by: Anderson, M. G., John
it is difficult to unambiguously identify the signal source ~ Wiley & Sons Ltd, Chichester, UK, 1857-1868, 2005. _
and that the sampling volume and the radius of influence Blainey, J. B, Fek, T. P. A., and Cordova, J. T.: Assessing
change over time (Creutzfeldt et al., 2010a; Creutzfeldt et al., "€ likely value of gravity and drawdown measurements to con-
2008). These downsides also app|)’/ to a cértain extent to diS’- strain estimates of hydraulic conductivity and specific yield dur-

h t h th tributing t ff ing unconfined aquifer testing, Water Resour. Res., 43, W12408,
charge measurements whnere the area contributing to runo doi:10.1029/2006WR005678. 2007.

may change over time or the Sogrce is difficult to d.e_flne Bloschl, G.: On the fundamentals of hydrological sciences, in: En-
(e.g., event/pre-event water). This study shows additional ¢yclopedia of hydrological sciences, edited by: Anderson, M. G.,
similarities between gravimeter and discharge measurements john Wiley & Sons Ltd, Chichester, UK, 3—12, 2005.

because due to the integral character of gravimeters, it iBonatz, M.: Der Gravitationseinfluss der Bodenfeuchte, Zeitschrift
difficult to constrain internal model structures or single pa- fir Vermessungswesen, 92, 135-139, 1967.

rameters solely based on one method as already highlighteBonatz, M. and Sperling, D.: Gravitation effects at the Vian-
by Mroczkowski et al. (1997) for discharge measurements. den storage power station, Cahiers du Centre Ezeppde
Nonetheless, gravimeter measurements can complement dis- Géodynamique et deésmologie, Walferdange, 169-180, 1995.
charge observations. They can help to characterise the catcPOWe" D- R. and Courtier, N. Precipitation effects on gravity mea-
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