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Preface
The PhD thesis is based on research undertaken from July 2007 to September 2010
at the Department of Environmental Engineering, Technical University of Den-
mark (DTU Environment). The work was carried out under the supervision of
Associate Professor Peter Bauer-Gottwein, with Associate Professor Philip J. Bin-
ning and Professor Dan Rosbjerg as co-supervisors. It was primarily funded by
a research grant from the Danish Agency for Science, Technology and Innova-
tion under Contract No. 274-06-0341 to the joint DTU Space/DTU Environment
research project HYDROGRAV.

The research included five months of field work in the Okavango Delta, Botswana,
during April – September 2008. The work would not have been possible with-
out the logistical support given by the Department of Geological Survey and the
Department of Water Affairs, both of the Ministry of Minerals, Energy & Water
Resources, Botswana. Crucial logistical support was likewise provided by Piotr
Wolski from the Okavango Research Institute, Botswana.

The content of this thesis is based on three scientific journal papers. At the time of
writing, they are all submitted pending acceptance:

I Christiansen, L., Lund, S., Andersen, O. B., Binning, P. J., Rosbjerg,
D., Bauer- Gottwein, P., 2010. Measuring gravity change caused by
water storage variations: performance assessment under controlled
conditions. Submitted to Journal of Hydrology.

II Christiansen, L., Binning, P. J., Rosbjerg, D., Andersen, O. B., Bauer-
Gottwein, P., 2010. Using time-lapse gravity for groundwater model
calibration: An application to alluvial aquifer storage. Submitted to
Water Resources Research.

III Christiansen, L., Haarder, E. B., Hansen, A. B., Looms, M. C., Bin-
ning, P. J., Rosbjerg, D., Andersen, O. B., Bauer-Gottwein, P., 2010.
Calibrating unsaturated zone model with time-lapse gravity data. Sub-
mitted to Vadose Zone Journal.

The papers are referred to by their roman number, e.g. as “Paper II” when refer-
enced in the thesis.
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The papers are not included in this web-version, but can be obtained from the
library at DTU Environment. Contact library@env.dtu.dk or Department of En-
vironmental Engineering, Technical University of Denmark, Miljoevej, Building
113, DK-2800 Kgs. Lyngby, Denmark.
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Abstract
Water resources worldwide are under increasing pressure from a growing human
abstraction due to agriculture, industrial production, consumption, energy, and
recreational uses. In addition, ongoing climate changes alter the global water dis-
tribution. Hydrological models are important tools in the management of current
water abstraction systems, the planning of future water projects, the forecasting of
the consequences of climate changes variations, and in the understanding of hy-
drodynamics in general. Calibrating a model to field data is believed to decrease
the prediction uncertainties of the model. In hydrological systems, the soil water
content is an important state variable. Established methods to measure subsurface
water content have a small support scale which causes scaling problems in many
applications. Geophysical methods offer ways to determine the soil water content
at scales from one dm3 to tens or hundreds of m3. The most prominent methods
are based on either the relationship between the dielectric constant and the soil
water content or the electrical resistivity of the bulk soil, and the soil water con-
tent. In both cases, empirical petrophysical relationships are required to relate the
measured quantity to the subsurface water storage.

Time-lapse gravity measurements provide a direct measure of the subsurface stor-
age change, avoiding the need for a petrophysical relationship. In the research
project presented here, the ability of ground-based time-lapse relative gravity data
to constrain hydrological model parameters is investigated. The work has resulted
in three papers based on three experiments.

The first paper deals with the instrumentation, and measurement and data process-
ing procedures required for hydrogravimetric measurements. The limited sensi-
tivity and accuracy of gravity meters have previously been a limiting factor. The
accuracy and precision of the Scintrex CG-5 Autograv relative gravimeter is tested
under controlled conditions using storage variations in a 20 m by 30 m basin. Mea-
surement procedures affect data uncertainties and data were collected to mimic
hydrogravimetric measurements in the field under optimal conditions. The results
showed precisions of 0.004 – 0.12 m and accuracies of 0.07 – 0.1 m of water equiv-
alent. We found that gravity data collected in a network is better suited for hydro-
logical monitoring due to a larger spatial coverage and better instrument drift con-
trol. Guidelines for hydrogravimetric measurements and data treatment are given
in the paper in order to facilitate the use of the method by non-geophysicists.
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The second paper shows that time-lapse gravity data can be used to decrease hy-
drological model parameter correlation during calibration. This was demonstrated
for a model of riverbank infiltration and groundwater recharge, where coupled hy-
drogeophysical inversion successfully constrained hydraulic conductivity and spe-
cific yield in both an analytical and a numerical groundwater model. A sensitiv-
ity study showed that time-lapse gravity data was especially useful to constrain
specific yield. Furthermore, we demonstrated that evapotranspiration and river
bed conductance were better constrained by coupled inversion to gravity and head
data. When calibrating four parameters, the six correlation coefficients were re-
duced from unity when only head data were employed, to significantly lower val-
ues when gravity and head data were combined. The calibrated parameter values
showed a low sensitivity to the choice of the relative weight of head and gravity
data respectively, over a large interval of relative weights.

While the river bank infiltration experiment was chosen to study gravity changes
associated with water storage change in the saturated zone, the third and last pa-
per deals exclusively with the use of hydrogravimetric data to estimate model pa-
rameters for the vadose zone. We showed that changes in the soil water content
gave rise to a measurable signal in a forced infiltration experiment over a 107 m2

grassland area. We demonstrated the ability of time-lapse gravity data to constrain
van Genuchten soil hydraulic parameters, both in a synthetic example and a field
experiment with forced infiltration. The most significant parameter uncertainty re-
duction was observed for the saturated water content, while gravity data had some
ability to constrain saturated hydraulic conductivity and the van Genuchten 𝑛 also.
Cross-borehole ground penetrating radar data were used as support for the inter-
pretation and control on the gravity data.

The strength of time-lapse gravity measurements is the ability to constrain the wa-
ter storage change at scales of tens to hundreds of m3. This is a step towards
bridging the gap between point measurements and the large-scale data increas-
ingly provided through satellite data. When used in model calibration, the measure
of storage changes helps constrain any parameter, which significantly affects the
storage change. The most dominant parameters were shown to be the specific yield
and the saturated soil water content in our studies. The issue of non-uniqueness of
gravity data with respect to the distribution of the water mass still persists, but can
be handled by using coupled hydrogeophysical inversion and a sufficient spatial
data coverage.
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Sammenfatning
Verden over er vandressourcerne under et voksende pres grundet et øget forbrug
og ændringer i klimaet. Hydrologiske modeller udgør et vigtigt værktøj når det
drejer sig om planlægningen af fremtidige vandprojekter, følgerne af naturlige
variationer og om at forstå hydrodynamiske processer generelt. En model kali-
breret til feltdata forventes at give mere sikre forudsigelser. Jordens vandindhold
er en vigtig variabel i beskrivelsen hydrologiske systemer, men etablerede metoder
til måling undergrundens vandindhold måler over små volumener, hvilket fører til
skaleringsproblemer når data overføres til større skala. Geofysiske metoder kan
bestemme vandindholdet på skalaer fra en dm3 og op til adskillige hundrede m3.
De mest anvendte metoder er baseret på vandindholdets sammenhæng med enten
jordens dielektriske konstant eller jordens elektriske ledningsevne. En empirisk
petrofysisk sammenhæng er nødvendig for at komme fra den målte størrelse og til
vandmængden. Tidsligt opløste tyngdemålinger giver et direkte mål for ændrin-
gen af lagrede vandmængde i jorden uden brug af en petrofysisk sammenhæng. I
det forskningsprojekt som præsenteres her, undersøges det i hvor høj grad tidsligt
opløste relative tyngdedata kan binde hydrologiske modelparametre. Arbejdet har
resulteret i tre videnskabelige artikler, bygget over hvert sit eksperiment Den første
artikel omhandler instrumentering, målemetoder og databehandling i forbindelse
med hydrogravimetriske målinger. Gravimetres begrænsede følsomhed og nø-
jagtighed har tidligere været en begrænsende faktor. Ved at regulere vandmængden
i et 20 m gange 30 m bassin undersøges nøjagtigheden og præcisionen af et Scin-
trex CG-5 Autograv relativt gravimeter under kontrollerede forhold. Da målepro-
ceduren påvirker usikkerheden på data, blev målingerne tilrettelagt så de imiterede
hydrogravimetriske målinger foretaget i felten under næsten optimale forhold. Re-
sultaterne viste en præcision på 0.004 – 0.12 m og en nøjagtighed på 0.07 – 0.1 m
i vandækvivalenter. Vi fandt at det er mest hensigtsmæssigt at indsamle tyngde-
data til hydrologisk monitering i et netværk frem for som tidsserier grundet en
større rummelig dækning og bedre kontrol over instrumentdriften. Retningslinjer
for hydrogravimetriske målinger og databehandling angives i artiklen for at mulig-
gøre brugen af metoden for ikke-geofysikere. Den anden artikel viser at tidsligt
opløste tyngdemålinger kan bruges til at reducere korrelationen mellem hydrolo-
giske modelparametre i forbindelse med en kalibrering. Dette blev demonstreret
for en model for infiltrationen af vand fra en flod og ind i flodbredden, hvor en
kombineret inversion med succes lagde bånd på den hydrauliske ledningsevne og
den specifikke ydelse for både en analytisk og en numerisk grundvandsmodel. Et
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følsomhedsstudie viste at tidsligt opløste tyngdemålinger er specielt velegnede til
at lægge bånd på specifik ydelse. Ydermere demonstrerede vi at evapotranspiration
og ledningsevnen af flodsengen blev bedre bestemt gennem en koblet hydrogeof-
ysisk inversion af tyngde- og vandniveaudata. I tilfældet hvor der blev kalibreret
for fire parametre blev de seks tilhørende korrelationskoefficienter reduceret fra
enhedsværdi, som var værdien når kun vandniveaudata blev brugt, til væsentligt
lavere værdier når tyngde- og vandniveaudata blev kombineret. De kalibrede pa-
rameterværdier udviste en lav følsomhed over for valget af den relative vægtning
mellem tyngde- og vandniveaudata over et stort interval af vægte. Hvor eksper-
imentet med infiltration fra en flod og ud i flodbredden bl.a. blev valgt for at
begrænse indflydelsen af den umættede zone på tyngdemålingerne, handler den
sidste artikel udelukkende om hvordan hydrogravimetriske data kan bruges til at
bestemme modelparametre for den umættede zone. Vi viste at ændringer i jordens
vandindhold i løbet af et eksperiment med kunstvanding af 107 m2 græsmark giver
et målbart tyngdesignal. Vi demonstrerede tyngdemålingernes evne til at binde
van Genuchten-parametre for umættet jordhydraulik, både i et syntetisk eksempel
og i tilfældet med feltdata. Den mest signifikante reduktion i parameterusikkerhe-
den blev observeret for det mættede vandindhold, men tidsligt opløst tyngdedata
viste også nogen evne til at lægge bånd på den mættede hydrauliske ledningsevne
og van Genuchtens 𝑛. Jordradarmålinger mellem borehuller blev brugt til både
at støtte tolkningen samt som kontrol på tyngdedata. Styrken ved tidsligt opløste
tyngdemålinger ligger i deres evne til at lægge bånd på ændringerne i opmagasiner-
ingen af vand i undergrunden på en skala fra nogle ti og op til flere hundrede m3.
Dette er et skridt i retningen af at bygge bro mellem de eksisterende metoder til
punktmålinger og de storskaladata, der i større og større grad kan fås fra satellitter.
Målinger af ændringer i den opmagasinerede vandmængde lægger bånd på enhver
modelparameter, der påvirker vandmængden signifikant. De mest fremtrædende
parametre har I vores studier vist sig at være den specifikke ydelse og det mæt-
tede vandindhold. Der er fortsat et problem med tyngdedatas flertydighed med
hensyn til fordelingen af vandmassen i jorden, men det håndteres for størstede-
lens vedkommende gennem koblet hydrogeofysisk inversion og en tilstrækkelig
datadækning.
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1 Introduction
Worldwide, the pressure on water resources for human consumption, industrial use
and energy production is growing. Increasing population and predicted changes in
precipitation patterns due to climate change amplify the problem. In addition,
an understanding of the need to conserve ecosystems has brought more focus on
the use of water resources. The output from hydrological models is used as de-
cision support, from scales ranging from the installment of a single groundwater
pump, to the reaction of whole hydrological basins to changes. An example is the
Okavango Delta in the northern Botswana, which faces reduced inflow due to an
increasing abstraction from the upstream rivers. Hydrological modeling at both
regional (Bauer et al., 2006a; Milzow et al., 2009) and local scales (Ramberg et al.,
2006; Wolski and Savenije, 2006) help determine the influence this will have on
the delta’s unique ecological system and the people depending on the water for
their existence (figure 1.1 ).

Models calibrated against field data are expected to provide more reliable model
predictions. A large number of measurement methods exist, such as piezometers,
river discharge gauges and tensiometers, from which calibration data are obtained.
Common for the methods is the limitation to point measurements, though discharge
data naturally provide integrated information on the upstream system. Geophysical
measurement methods are an interesting supplement to the available methods, as
they have the potential to provide data on water content and flow on scales of one
dm3 to tens or hundreds of m3. This information would otherwise be unavailable or
more expensive to obtain. Common for the established geophysical methods, such
as time domain reflectrometry (TDR), electrical resistivity tomography (ERT) or
ground penetrating radar (GPR), is the need for an empirical petrophysical rela-
tionship, which links the measured quantity to soil water content.

Time-lapse gravity measurements provide a direct measure of soil water storage
changes. As water replaces air (or vice versa), the density of the bulk soil changes,
leading to a change in the local gravitational acceleration. Gravity is normally
measured in m s−2. However, changes in soil water storage give rise to only small
changes in gravity, so for convenience the unit microGal (1 𝜇Gal = 10−8m s−2) is
used.

Time-lapse gravity for hydrological purposes (hydrogravimetry) was first demon-
strated by Montgomery (1971), but has generated limited interest during the fol-
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lowing three decades. Three things have changed this: 1) The launch of the Gravity
Recovery and Climate Experiment (GRACE) twin satellites in 2002 (Tapley et al.,
2004). GRACE provides time-lapse gravity data at a scale of several hundred
kilometers at an interval down to 10 days. Converted to water storage, GRACE
provides estimates of water storage changes down to 0.04 m of water on a 1000 km
scale. 2) Gravity meters (gravimeters) have become more sensitive, provide data
with lower uncertainties, and are more robust during field operations. The gravity
signal from a change in soil water content is often small and with better instru-
ments, the variety of hydrological systems for which the method can be potentially
used, has broadened. 3) Geodesists, who use gravity time series from stationary
superconducting gravimeters for geodynamical observations, experience that grav-
ity changes due to local hydrology masks some of the signals they want to observe
(Kroner et al., 2004). The hydrogravimetric signal is seen as noise and efforts
are put into modeling the signals in order to remove them (e.g. Creutzfeldt et al.,
2010a) .

The objectives of the research presented here are to:

• develop a methodology for the acquisition and processing of hydrogravimetric
data, more specifically ground-based relative time-lapse gravity data.

• develop a coupled hydrogeophysical inversion framework for the calibration
of groundwater models and vadose zone models with ground-based relative
time-lapse gravity data.

• demonstrate the ability of hydrogravimetric data to constrain hydrological
model parameters.

In other words, we aim to answer the questions “how do we apply ground-based
relative time-lapse gravity surveys for hydrological purposes?” and “what do
we gain from such measurements?” This was done through three experiments.
The first was a large-scale laboratory experiment, which tested the measurement
method and the data processing under controlled conditions (Paper I). For this, an
indoor 20 m by 30 m water basin was used. The second experiment targeted the
recharge of an unconfined aquifer due to river bank infiltration (Paper II). The last
field experiment aimed at deriving hydrological model parameters for the vadose
zone from data collected during forced infiltration of a 107 m2 grassland area (Pa-
per III).

3



This thesis consists of a synopsis and three papers. The synopsis was written
with the intention to provide a frame work for the field of hydrogravimetry. The
Literature review section thus considers alternative geophysical methods for the
estimation of soil water storage change in some detail in order to highlight the
strengths and weaknesses of hydrogravimetry in the following sections. In the sec-
tion Methodological framework, a brief introduction to relative gravimetric mea-
surements and data processing is given. Paper I is a “method paper” and deals with
this issue in detail. The Overview of main results section presents the main results
of the PhD project with tables and graphs from the papers. Discussion provides a
general discussion on the results and on the use of hydrogravimetry in other con-
texts before the main conclusions from the project is presented in Conclusions. For
detailed discussions and conclusions, the reader is referred to the papers.
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2 Literature review
In the first part of this review, an overview of the established geophysical methods
for monitoring of soil water content 𝜃 [m3m−3 or unit-less] and soil water con-
tent changes is provided. The methods mainly used fall into two groups based on
which physical property they measure as proxy for 𝜃. Additionally, two upcoming
methods are reviewed.

The second part provides a review of hydrogravimetry. The emphasis is on three
sets of recent papers that present good case study application of on hydrogravime-
try. They represent the state of the art within hydrogravimetry. For a broader
review of hydrogravimetry, I refer to the three included papers.

2.1 Geophysical methods for estimation the of soil
water content

The geophysical methods used to measure 𝜃 can be grouped based on their under-
lying physics. The first group contains methods based on the dependence of the
electric permittivity of the medium on 𝜃. Examples are time domain reflectrome-
try (TDR) (Topp and Reynolds, 1998; Robinson et al., 2003), ground penetrating
radar (GPR) (Knight, 2001; Huisman et al., 2003), and microwave measurements
(Schneeberger et al., 2004). The second group of methods utilizes the dependence
of electrical resistivity on 𝜃. Electrical resistivity tomography (ERT) (Michot et al.,
2003) is an example of this, as are direct current resistivity (Samouelian et al.,
2005) and electromagnetic induction (Reedy and Scanlon, 2003). The third group
consists of the less widely used methods, e.g. neutron probe (Reedy and Scanlon,
2003), active heat fiber optic temperature sensing (AHFO) (Sayde et al., 2010) and
nuclear magnetic resonance sounding (MRS) (Legchenko and Valla, 2002). The
safety restrictions on the use of neutron probes has made this measurement type
less attractive (Robinson et al., 2008), whereas AHFO and MRS are upcoming
methods.

For an expanded review of methods for measuring soil moisture in general, I rec-
ommend the paper by Robinson et al. (2008).

2.1.1 Permittivity as a proxy for soil water content

The relative permittivity (𝜖𝑟), also known as the dielectric constant, is defined as
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𝜖𝑟 =
𝜖

𝜖0
(2.1)

where 𝜖0 [F m−1] is the permittivity of free space and 𝜖 is the permittivity of the
medium. I here drop the term relative for brevity and simply refer to equation
2.1 as permittivity. The permittivity depends on the frequency of the electromag-
netic wave, which in geophysical applications typically ranges from 106 to 1010 Hz
(Robinson et al., 2008). In soil physics, the medium consists of the soil matrix,
water and/or air filled pore spaces, and solutes in the water. The permittivity of
water is ~80. This is much higher than for air (𝜖𝑟 = 1) and most soil minerals
(about 𝜖𝑟 ≈ 5) (Robinson et al., 2008). The bulk permittivity is almost independent
of salt content (Topp et al., 1980) and for the ten most prominent organic pollutants
the approximate range of 𝜖𝑟 is 2 – 10. (Knight, 2001). The cited references deal
with geophysical measurement methods and do not list the frequencies for which
the permittivities were stated. Even with some variation in the permittivities the
proportion of water in the soil strongly affects the measured bulk permittivity.

The permittivity is not measured directly. Instead, a proxy is measured, e.g. the
speed of an electromagnetic wave though the medium. Going from the measured
quantity to 𝜃 is therefore a two-step process. First, the permittivity is calculated
based on the measured quantity. Then 𝜃 is found from the permittivity through a
petrophysical relationship, such as by Topp et al. (1980):

𝜃 = −5.3 ⋅ 10−2 + 2.92 ⋅ 10−2𝜖𝑟–5.5 ⋅ 10−4𝜖2𝑟 + 4.3 ⋅ 10−6𝜖3𝑟 (2.2)

The Topp equation was derived empirically for the frequency range 1 MHz – 1 GHz
and is expected to be valid for a coarse-textured mineral soil with clay contents be-
low 1% (Looms et al. (2008b) citing Lesmes and Friedman (2005)) and is used
in Paper III. I refer to the review paper by Huisman et al. (2003) for other 𝜖𝑟 − 𝜃

relationships. The dependence of the petrophysical relationship on the soil compo-
sition is a fundamental problem for field-scale applications, since the knowledge
of the subsurface is often limited and in the best case based on point soil samples,
from which the field-scale geology is extrapolated. For high clay contents, dielec-
tric dispersion, that is, an energy loss, occurs, which makes methods based on the
measurement of the permittivity less attractive for clayey soils. As an example, a
clay content on the order of 5-10% can decrease the penetration depth of georadar
signals to less than a meter (Knight, 2001).

Time domain reflectrometry (TDR) has become the standard high frequency elec-
tromagnetic method for determining 𝜃 and is often used to benchmark other meth-
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ods against (e.g. Michot et al., 2003; Schneeberger et al., 2004). The measured
quantity is the electromagnetic wave velocity 𝑣 [m s−1] along two or three metal
rods, which function as wave guides, inserted into the soil. From this, 𝜖𝑟 is calcu-
lated as

√
𝜖𝑟 =

𝑐

𝑣
(2.3)

where 𝑐 [m s−1] is the wave velocity in air. Subsequently, 𝜃 is found through equa-
tion 2.2 or a similar relation. The volume over which TDR probes measure is
limited to a few dm3 adjacent to the probe. Applying the method from the surface,
the investigation depth is limited to a few tens of cm. For deeper surveys, digging
is required to insert the probes. This is usually limited to some meters below the
surface. Furthermore, the removal of soil risks disturbing the soil-water system
investigated (Michot et al., 2003).

The use of ground penetrating radar (GPR) for estimating 𝜃 is growing, with both
synthetic studies (Rucker and Ferre, 2004; Kowalsky et al., 2004), field studies
(Binley et al., 2001; Looms et al., 2008b; Kuroda et al., 2009; Lambot et al., 2009)
and extensive reviews being published (Knight, 2001; Huisman et al., 2003). As
with TDR, GPR is based on the measurement of 𝑣 through the bulk soil. It has the
ability to measure over larger volumes, to larger depths and to provide a better areal
coverage, but the behavior of the unguided electromagnetic wave is more compli-
cated due to multiple reflectors in the subsurface. This has delayed the develop-
ment of GPR methods compared to TDR (Huisman et al., 2003). GPR methods
for soil water determination are divided into four groups: reflection methods with
fixed or varying transmitter and receiver antenna distance, ground wave measure-
ments, cross-borehole applications, and remote sensing surface reflection. For all
methods except the cross-borehole application, the radar transmitter and receiver
antenna are located at or above the ground surface. In the sections below I draw
heavily on the excellent review on GPR for soil moisture estimation by Huisman
et al. (2003). For more material on GPR for environmental applications in general,
I refer to the review paper on GPR by Knight (2001).

The reflection methods rely on a reflector being present in the subsurface at a depth
small enough for the electromagnetic wave not to attenuate to below detection
limit during the journey to the reflector and back. The estimated 𝜃 value is an
average value for the section from the surface to the reflector. The reflector can be
a lithological change or the groundwater table, and for field applications there is
normally no way to control the depth to the reflector and thus the resolution. For
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Figure 2.1: Cross-borehole GPR. Figure modified from Huisman et al. (2003).

fixed distance antenna system, the distance to the reflector must be known by other
means. For the more cumbersome method with a varying antenna distance, the
depth to the reflector can be estimated from the GPR data. The investigation depth
is usually up to some meters with an uncertainty ranging from 0.01 – 0.03 m3m−3.

In addition to the wave front moving into the soil, a refracted wave will move along
the soil-surface interface. As with the other GPR methods, the investigation depth
depends on the radar frequency and the soil composition, but an unresolved issue is
the volume over which the measurements are made. Huisman et al. (2003) reports
investigation depths of up to 0.5 m and with accuracies on the order of 0.015 –
0.024 m3m−3. This is comparable to TDR data and has the advantage of greater
areal coverage in less time.

Cross-borehole GPR provides high-resolution 𝜃 estimates to depths of over ten
meters . Two methods are usually used: Zero-offset profile (ZOP) and multi-offset
gather (MOG), see figure 2.1. A third approach, where one antenna is lowered
into a borehole and the other kept at the surface can also be used, but results in
less well resolved data. For ZOP measurements, the transmitter (Tx) and receiver
(Rx) antennas are lowered to the same depth for each measurement. This results
in 1D 𝜃 estimates vertically along the profile. Each individual measurement takes
only a few seconds and the method lends itself well to the monitoring of sys-
tems with fast changes in time. The multi-offset gathers are performed by keeping
the transmitter fixed in one position while lowering the receiver stepwise between
measurements (figure 2.1). The transmitter is then moved down one step and the
stepwise repositioning of the receiver is repeated. This results in tomographic data,
which are inverted to a 2D permittivity distribution before applying a petrophys-
ical relationship to obtain 𝜃. Compared to ZOP, MOG provides high detail, but
is time consuming. The expected dynamics of the system should be considered
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before data acquisition. The distance between the boreholes is limited by the at-
tenuation of the radar wave through the soil. Usually, the distance is kept at up
to 5 m (Binley et al., 2001; Looms et al., 2008b; Kuroda et al., 2009, App. III).
There are numerous potential error sources on 𝜃 values found from cross-borehole
GPR (see Huisman et al., 2003), but the high volume and large detail the method
provides are appealing for research applications. Uncertainties are around 0.02 –
0.03 m3m−3.

The last GPR method, which I will only briefly mention here, is the measurement
of microwave surface reflection or emission. The reflection method is based on the
dependence of the surface reflection of a radar signal on the permittivity (Lambot
et al., 2009), whereas the emission method is based on the relation between soil wa-
ter content and the black-body microwave emission from the soil surface (Schnee-
berger et al., 2004). The emission method is technically not a radar method, but
the two methods are similar in their applications and data resolution. Antennas are
mounted on e.g. masts, vehicles, air planes or satellites, with a footprint growing
with distance. For a 1-GHz antenna operated at 1 m above the surface, the footprint
is 0.79 m by 0.79 m. The investigation depth is limited to the top 0.2 – 2 cm with
an accuracy of 0.02 – 0.1 m3m−3 (Huisman et al., 2003).

2.1.2 Resistivity as a proxy for soil water content
The soil bulk resistivity is (citing Samouelian et al., 2005) “a function of a num-
ber of soil properties, including the nature of the solid constituents (particle size
distribution, mineralogy), arrangement of voids (porosity, pore size distribution,
connectivity), degree of water saturation (water content), electrical resistivity of
the fluid (solute concentration) and temperature”. As is evident, there are many
contributing terms to the bulk soil resistivity 𝜌𝑏, which we are not able to sepa-
rate in the field data. This puts many limitations on the use of measurements of
𝜌𝑏 as a proxy for 𝜃. Robinson et al. (2008) state the temperature dependence on
𝜌𝑏 to be the reason why permittivity methods have replaced resistivity methods for
near-surface 𝜃 measurements. The high sensitivity of the resistivity with respect
to the solute concentration has made resistivity methods popular for monitoring
subsurface solute transport (Kemna et al., 2002; Bauer et al., 2006b; Singha and
Gorelick, 2006; Looms et al., 2008a).

Despite the limitations, the ease and speed with which 𝜌𝑏 can be measured through
methods such as direct current resistivity (Samouelian et al., 2005), electrical re-
sistivity tomography (Michot et al., 2003), and electromagnetic induction (Reedy
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and Scanlon, 2003), still makes resistivity measurements interesting. The bulk
soil resistivity can be described through Archie’s law (Archie, 1942; Looms et al.,
2008b)

𝜌𝑏 = 𝜌𝑤𝜓
−𝑚𝑆−𝑛 (2.4)

where 𝜌𝑤 is the resistivity of the water and its dissolved contents, 𝜓 is the soil
porosity, 𝑆 is the saturation (from 0 to 1), 𝑚 is the cementation factor, and 𝑛 a
constant which accounts for the large increase in apparent electrical resistivity with
decreasing 𝜃. For unconsolidated sands, 𝑚 is often set to 1.3 and 𝑛 to 2 (Looms
et al., 2008b). Since 𝜃 = 𝜓𝑆, we can rewrite equation 2.4 as

𝜃𝑛 = 𝜌𝑤
𝜓𝑛−𝑚

𝜌𝑏
(2.5)

Some authors have an additional factor 𝑎, related to the coefficient of saturation, on
the right side of equation 2.5. Equation 2.5 is established to be valid for medium
to coarse-grained soils (Samouelian et al., 2005) and can only be used to estimate
𝜃 if a reasonable estimate of 𝜌𝑤 exists. A common method is thus to establish a
site specific 𝜌𝑏 − 𝜃 calibration curve, which allows for clay and silt. Michot et al.
(2003) demonstrated this in a detailed investigation on a 6 m long and 1 m deep
soil profile in a corn field. The calibration curve was made using TDR probes and
data corrected for temperature variations at three depths. The ability to transfer
the results from the specific site to larger scale, e.g. the whole corn field, was not
tested, but recognized as a potential problem.

2.1.3 Upcoming methods
Magnetic resonance sounding (MRS) is a technique still under development, both
with respect to instruments, field applications, data processing and interpretation
of the results. The brief introduction given here is based on the review papers
by Legchenko and Valla (2002) and Lubczynski and Roy (2004). Where the first
authors present the mathematical background for the method, the latter have a more
applied focus directed at hydrogeologists.

MRS is based on the nuclear (or proton) magnetic resonance technique, also known
from medical brain scanning as magnetic resonance imaging. Protons in soil wa-
ter align their magnetic spin with the ambient magnetic field, that is, the magnetic
field of the earth. By inducing a new and stronger magnetic field using a loop cable
(typically 50-150 m in side length) similar to what is used in time domain elec-
tromagnetic soundings (e.g. Bauer-Gottwein et al., 2010), the magnetic spins are
tilted away from their steady state position. When removing the external magnetic
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field, relaxation of the spins back to their initial state will induce a new magnetic
field. This is measured as a current in the loop with voltages on the nV scale. The
amplitude reflects the soil water content and the decay rate the pore size. Current
inversion methods provide 1D models with layer thickness, 𝜃, and porosity. These
are important hydrological state variables, which makes MRS a potentially very
powerful method. Legchenko and Valla (2002) demonstrated the method at a lo-
cation in Saudi Arabia and located a water bearing zone in 5 – 30 m depth and
a weathered hard-rock zone deeper down. This corresponded well with borehole
information. Lubczynski and Roy (2004) use results from the Netherlands and
Botswana to demonstrate strengths and weaknesses for MRS (see the paper for a
thorough discussion). The sounding depth is usually taken to be 1 – 2 times the
loop size, but as with other methods utilizing an electromagnetic signal, clay layers
will attenuate the signal and shield deeper lying layers. A low water content will
produce a small signal, which might be masked by natural noise such as lightnings,
and human noise such as power cables. Lubczynski and Roy (2004) further list a
number of problems and issues that need further research. Provided reasonable
solutions to them, the ability of MRS to estimate both 𝜃 and porosity makes the
method very powerful.

Concluding this section, I will briefly touch upon active heat fiber optics (AHFO).
The thermal conductivity, volumetric heat capacity, and thermal diffusivity of the
bulk soil depend among other things on 𝜃. Different attempts have been made to
use this to infer 𝜃 (Robinson et al., 2008). Most often a calibration to the site spe-
cific soil is required. The AHFO method, as presented by Sayde et al. (2010), uses
fiber optics to measure temperature changes induced by a heating cable, running
parallel to the optical cable. Their contribution to the field is an improved estimate
of 𝜃 due to a new data processing approach. The method promises measurement of
temperature, and thus of 𝜃, with a resolution of 1 m at cable lengths of up to 10 km.
In the laboratory experiment by Sayde et al. (2010) on a homogeneous sand col-
umn, uncertainties on 𝜃 ranged from negligible at 𝜃 = 0.05 m3m−3 to 0.043 m3m−3

at 𝜃 = 0.40 m3m−3. A test under field conditions is still pending.

2.2 Hydrogravimetry
The use of time-lapse gravity data for hydrological purposes was first demonstrated
by Montgomery (1971). He studied a sandy aquifer in Arizona, USA, for which
he estimated the specific yield to be 0.15 – 0.30. The estimate was based on mea-
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sured changes in gravity and water table. The added/removed water was assumed
to have the shape of an infinite horizontally extended slab, a Bouguer slab. The
gravity due to a one meter thick Bouguer slab is 41.9 𝜇Gal, independent of the dis-
tance to the slab. Since the work by Montgomery, the available instruments and
computers have improved. This has broadened the range of applications for hydro-
gravimetry. Examples now include monitoring of production-induced drawdown
(Pool and Eychaner, 1995; Pool, 2008; Gehman et al., 2009), injection mounds
(Howle et al., 2003; Chapman et al., 2008) and more complex systems with water
abstraction, irrigation and precipitation (Gettings et al., 2008). Storage changes
were estimated by Jacob et al. (2008, 2009) for karst formations, for water injec-
tion into an abandoned mine by Davis et al. (2008) and below paved urban areas
by Crook et al. (2008). A synthetic study showed a potential for pump test model
calibration using time-lapse gravity data (Blainey et al., 2007). Depending on how
strictly hydrogravimetry is defined, less than 30 papers have been published on
the subject. In Paper I, an introduction to the development from 1971 and on-
wards is presented. This is further expanded in Paper III, including the most recent
papers published at the time of submission. Three sets of papers (co-)authored
by Creutzfeldt, Naujoks, and Jacob, respectively, stand out as they form in-depth
studies on three different sites.

The Geodynamic Observatory Moxa, Germany, hosts a stationary superconduct-
ing gravimeter (SG). The SGs in general provide data on the sub-microGal level
and are used to study geodynamical phenomena and global water storage changes
(Kroner et al., 2004). These give rise to very small signals, which can be masked
by the signal of the local hydrology, i.e. water storage variations within a few km in
radius. Krause et al. (2009) constructed a hydrological model for the 2 km2 catch-
ment, in which the Moxa SG is located. From this, the gravitational signal due to
water storage variations could be calculated. Variations of a few 𝜇Gal were found
at the SG position and a rather complex relationship between the hydrology and the
measured SG signal observed. The latter was partly due to the large topographic
variations within the catchment. In a gravity network (see section 3.1) with 12 sta-
tions around the SG, changes of up to 13.9 𝜇Gal where measured with accuracies
of 1.3 – 2.0 𝜇Gal (Naujoks et al., 2008). This is a high accuracy, which must be
attributed to a careful choice of gravimeters that had previously shown high sta-
bility, well-trained operators, and a small gravity network with only 65 m between
the most distant points. A small network is beneficial for the accuracy (see Paper
I). Up to five LaCoste & Romberg relative gravimeters were used during the cam-
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paign, which lasted 2½ years. A steep slope close to the SG position was identified
to give particularly large gravity variations due to water storage changes. Finally,
the time-lapse gravity data was used by Naujoks et al. (2010) to evaluate seven
different versions of the hydrological model by Krause et al. (2009). Two out of
the seven sets of model parameters were shown to match the data to a reasonable
degree. After removal of the local signal based on the two models, better corre-
spondence of SG data to GRACE observations and global hydrological models was
obtained.

With the objective to study the local hydrological signal in the SG data from the
Geodetic Observatory Wettzell, Germany, Creutzfeldt et al. (2008) build a hydro-
logical model of the 20 by 20 km2 area around the SG. They used available topo-
graphic data supplemented by GPS measurements. Cell side lengths were 2.5 m
in the vicinity of the SG, growing to 50 m in the outer areas. This allowed for a
detailed modeling of the area that affected the SG data the most. To go from water
storage changes to a gravity signal, the work by Leirião et al. (2009) was used.
Storage changes in the snow cover, the vadose zone and the groundwater were in-
cluded. Creutzfeldt et al. (2008) found that 90% of the local hydrological signal
at the SG came from within a radius of 1 km. The model was able to reproduce
seasonal and short-term signals similar to the measured SG data, but an improve-
ment of the model was recommended. This was followed up by Creutzfeldt et al.
(2010a), who used a 4 by 4 km2 subset of the Creutzfeldt et al. (2008) model around
the SG. They performed a detailed study on the different storage compartments in
the system, namely groundwater, saprolite, soil, topsoil, and snow storage. Data
from TDR, groundwater table wells, pump tests, snow depths, meteorological ob-
servations and tensiometers were fed into the storage model and the gravity signal
calculated. The storage changes were measured at points for all compartments and
assumed valid for the full area. The exception was the saprolite zone, for which
storage changes were estimated. Recognizing the significant contribution to grav-
ity from the vadose zone, Creutzfeldt et al. (2010b) used data from a lysimeter
installed 40 m from the SG to represent storage changes in the vadose zone. In
the final part of the study, Creutzfeldt et al. (2010b) used coupled hydrogeophys-
ical model calibration (see section 3.4) based on SG data. They pointed out that
models with many parameters risk to be calibrated to the background signals such
as the global water redistribution or the geodynamical signal. The risk of this is
smaller when doing spatially distributed measurements. Furthermore, there is an
issue of equifinality: Several parameter combinations give an equally good fit to
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data. Spatially distributed measurements, as in Naujoks et al. (2010), reduce this
problem, but do not necessarily eliminate it.

Where the Moxa and Wettzell cases are interesting due to the high degree of detail
in the studies of the different contributions to the gravitational signal from hy-
drology, the following case excels by demonstrating both a basin-scale study and
surface-to-depth measurements on a karst aquifer.

The studies by Jacob et al. (2008) and Jacob et al. (2010) were made on a 100 km2

basin, which consists of a karst formation embedded in 400 m deep limestone and
dolomite. Rain is the only input to the basin and all outflow is believed to happen
at a single spring in a karst valley. Absolute changes in gravity were measured
at monthly intervals over close to three years using FG-5 gravimeters. Seasonal
variations of up to 15 𝜇Gal were observed. This corresponds to 24 – 36 cm of
water under the Bouguer slab assumption. To increase the spatial coverage, a net-
work of 40 relative gravity stations was included using a Scintrex CG-5 gravimeter
(same model as used in my work). It is found that gravity changes, as a rule of
thumb, should be at least 10 𝜇Gal to be significant in a basin-scale investigation.
As pointed out in Paper III, this number will be case dependent and can vary to
both sides. Using an estimate of ET, measured rain, and spring outflow, the change
in water storage in the karst compared favorably to the changes in gravity. Jacob
et al. (2008) assumed that the storage change dominantly happened in the vadose
zone. This was supported by surface-to-depth gravity measurements made be-
tween a reference station equipped with an absolute gravimeter, and a station 60 m
down a pothole. A big advantage of this methods is that any storage change that
takes place below 60 m depth cancels out, assuming the storage to take place as a
Bouguer slab. Furthermore, the effective signal from the soil between the surface
and 60 m depth is doubled during data processing, which increases the signal-to-
noise ratio. The authors observed peak-to-peak storage variations of ~0.15 m3m−3.
As an important point, they stressed that no vertical spatial information can be de-
rived from the method. Only an average over the 60 m zone is found. The use
of more stations along the vertical, e.g. for every 10 m, is suggested in order to
increase the resolution.
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3 Methodological framework
The gravity signal from a change in water storage can amount to more than 100 𝜇Gal
(Chapman et al., 2008). More often, though, the signal is much smaller and in
many cases it will be close to or below the detection limit of a modern gravimeter.
In Paper I, our ability to measure a change in water storage using a state-of-the-art
relative gravimeter is evaluated under controlled conditions. The data collection
and processing procedure is presented in details. In this section, I give a brief in-
troduction to relative gravimetry and the issue of stable reference stations. The
calculation of a temporal gravity signal from a hydrological model is presented
before introducing coupled hydrogeophysical inversion (Hinnell et al., 2010).

3.1 Relative gravimeters
There are two fundamental ways to measure gravity: either as absolute values or
relative to a fixed value. Absolute gravimeters measure the acceleration of a body
falling in vacuum. Of the two currently most widely used meters, the Microg-
Lacoste FG-5 is considered the most accurate, with an accuracy of 1 – 2 𝜇Gal. It is
less well suited for field operations than the Scintrex A10, which has an accuracy
of 5 – 10 𝜇Gal (Jacob et al., 2010). None of the meters can compete with relative
gravimeters in price, size, weight, and portability, which has limited the number
of available absolute meters. The great advantage of absolute gravimeters is the
ability to measure the absolute gravity with no drift over time. This is where rel-
ative gravimeters come short. Disregarding superconducting gravimeters, they are
often constructed using a spring with a test mass. An increased (decreased) gravita-
tional force will exert an increased (decreased) pull on the test mass. The measured
quantity is the voltage needed to keep the test mass in place, which is converted to
a gravity value. If the spring tension was constant, spring-based gravimeters would
measure absolute gravity, once calibrated to a place with known gravity. This is
not the case. The meter spring experiences creep, which relaxes the spring tension
at a rate not constant in time on the 𝜇Gal scale. The instrument drift is dealt with
by designing the gravity measurements so that one or more stations in a network
are measured repeatedly during a campaign. By assuming a constant gravity at
the stations and a linear (or some other function) drift in time, the drift rate can
be calculated and the error removed. The issue of drift is not straight forward,
as other effects can add to the instrument drift and form an apparent drift, where
the single components are indistinguishable. This drift and other error sources in
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hydrogravimetry are treated in more detail in Paper I.

3.2 Measuring relative gravity
In the work presented here, a Scintrex CG-5 Autograv (serial no. 40284) relative
gravimeter was used (figure 3.1). The manufacturer states a sensitivity of 1 𝜇Gal
and an accuracy of 5 𝜇Gal for the CG-5. Under good conditions, a sensitivity at
sub-𝜇Gal can be obtained using raw 6 Hz data (Merlet et al., 2008), as can accu-
racies down to 1 𝜇Gal (e.g. Jacob et al., 2009). Gravity values are automatically
corrected for large parts of the linear instrument drift, the temperature variations
in the spring, and instrument tilt away from the plumb line. In addition, a noise
filter and a correction for tidal forces are applied. The minimum reading time is
1 s. Usually reading times of 45 s or more are used, depending on the background
noise and the accuracy needed. Data are written to a text file easily downloaded
and accessed for further processing.

Data are collected either as time series at a base station or in a gravity network.
The latter is best suited for hydrological surveys and I refer to Paper I for more
on time series. The design of a gravity network balances the need for sampling
speed (to keep the costs down) with the need for gravity data with a certain min-
imum accuracy. There are a number of often used network configurations (Torge,
1989). In my work, I have chosen to use a star network due to its high number of
repeat measurements at a stable reference station. This ensures a good drift con-
trol. An example is shown in figure 3.2. Here, REF is a reference station taken
to be gravimetrically stable over the duration of the campaign. Points S1, S2, and
S3 are gravity stations to which the difference in gravity is measured to. After
correcting data for the drift, variations in the instrument height in-between station
occupations, and tidal effects, the gravity difference 𝛿𝑔 between two stations is cal-
culated through a network adjustment. Repeated consecutive measurements of the
gravity difference between two stations increases the accuracy through averaging.
The temporal gravity difference is given as Δ𝑔 = 𝛿𝑔𝑡>𝑡0 − 𝛿𝑔𝑡0 , where 𝑡0 is the time
of the baseline measurement.

3.2.1 Reference stations
It is crucial for relative time-lapse gravimetry that the reference station is gravi-
metrically stable. This does not only imply that no local changes in gravity from
e.g. large, seasonal variations in the soil moisture in the vicinity of the reference
station, changes in groundwater table or the repositioning of heavy objects, takes
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Figure 3.1: The CG-5 operated by the author during a survey in Denmark, January
2008. Note the tripod with adjustable legs for precise leveling. The concrete slab
provided a stable foundation for the gravity station. The painted markings on the
slab helped to position the gravimeter at the exact same location at each new station
occupation.
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Figure 3.2: Example of star network. The points REF, S1, S2, and S3 are gravity
stations. The square shows a water basin targeted in the campaign. After Paper I.

place. The gravitational acceleration varies with the height at a rate usually taken
to be around −3.086 𝜇Gal cm−1 (Torge, 1989, p. 324). This implies that a varia-
tion in station height of just three mm is at the level of the instrument sensitivity.
This can happen due to direct mechanical disturbance of the gravity station or land
rise/subsidence. In the absence of a hard surface, such as bedrock or pavement,
an often used method is to cast a concrete platform directly into a dug hole in the
ground. Davis et al. (2008) argues that this might not be the optimal solution, as
the hard concrete might transmit seismic noise better to the gravimeter than a soft
ground. Instead they used 12-inch (30.4 cm) steel bars hammered into the ground
as reference points and placed the gravimeter directly on the soft ground. Other
authors have used bedrock (Pool and Eychaner, 1995; Howle et al., 2003; Pool,
2008; Gehman et al., 2009), estimated the temporal changes at the reference sta-
tion using absolute gravimeters or SGs (Naujoks et al., 2008, 2010), used absolute
gravimeters and SGs directly to measure temporal gravity changes and thus avoid-
ing the need for a reference point (Jacob et al., 2008; Creutzfeldt et al., 2010b), or
estimated Δ𝑔 to be much larger than the error introduced by a detectable, but small
gravity change at the reference station (Gettings et al., 2008). I refer to Gettings
et al. (2008) for further discussion on stable reference points for hydrogravimetry.
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3.3 From hydrological models to gravity
The calibration of a hydrological model using time-lapse gravity data requires a
forward calculation of the time-varying gravity from the output of the hydrolog-
ical model. Damiata and Lee (2006) and Blainey et al. (2007) used cylindrical
shells for the rotation-symmetric case of a pump test in a homogeneous soil. Hy-
drological models are often divided into prismatic model cells, which allows for
inhomogeneous soil model parameters. Leirião et al. (2009) presented a MATLAB
routine for the computation of the temporal change in gravity for any position of the
gravimeter. The code was limited to saturated flow in unconfined aquifers. Their
work was subsequently verified and updated by He (2007) to take confined aquifers
into account, and by me to make the input and output to the routine more flexible.
In the present version, the routine will calculate the temporal gravity signal from
any MODFLOW-96 (Harbaugh and McDonald, 1996) model. Ribers (2009) later
developed a routine to calculate gravity changes for vadose zone models build in
Mike SHE (www.dhigroup.com).

The forward gravity routine was developed by Leirião et al. (2009) with model
calibration in mind. That meant that the code should be fast enough for practical
use. For a rectangular parallelepiped, the gravity is given as (Leirião et al., 2009)

Δ𝑔 = 𝐺𝜌𝑆𝑦

ˆ 𝑥2

𝑥1

ˆ 𝑦2

𝑦1

ˆ 𝑧2

𝑧1

𝑧

(𝑥2 + 𝑦2 + 𝑧2)3/2
𝑑𝑥 𝑑𝑦 𝑑𝑧

= 𝐺𝜌𝑆𝑦

∣∣∣∣∣
∣∣∣∣∣∣∣𝑥 log(𝑦 + 𝑑) + 𝑦 log(𝑥+ 𝑑)− 𝑧 arctan

𝑥𝑦

𝑧𝑑

∣∣∣𝑥1

𝑥2

∣∣∣∣𝑦1
𝑦2

∣∣∣∣∣
𝑧1

𝑧2

(3.1)

where 𝑥, 𝑦 and 𝑧 are the rectangular prism’s corner coordinates relative to the
gravimeter and

𝑑 =
√
𝑥2 + 𝑦2 + 𝑧2 (3.2)

the prism’s diagonal (see figure 3.3). The gravitational constant 𝐺 = 6.673 ⋅
10−11 m3 kg−1 s−2, 𝜌 [kg m−3] is the density of water and 𝑆𝑦 the specific yield (sub-
stituted by the specific storage for confined aquifers). The calculation of equation
3.1 for each model prism is slow. For prisms beyond a certain distance from the
gravimeter, the contribution to the total gravity can be calculated as (Leirião et al.
(2009) with the correction by He (2007))

Δ𝑔 = 𝐺𝜌𝑆𝑦Δ𝑥Δ𝑦Δ𝑧

(
− 𝑧

𝑑3
− 5

24

(𝛼𝑥2 + 𝛽𝑦2 + 𝜔𝑧2) 𝑧

𝑑7
+

1

24

𝜔𝑧

𝑑5

)
(3.3)
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with

𝛼 = 2Δ𝑥2 −Δ𝑦2 −Δ𝑧2 (3.4)

𝛽 = −Δ𝑥2 + 2Δ𝑦2 −Δ𝑧2 (3.5)

𝜔 = −Δ𝑥2 −Δ𝑦2 + 2Δ𝑧2 (3.6)

and

Δ𝑥 = 𝑥2 − 𝑥1 (3.7)

Δ𝑦 = 𝑦2 − 𝑦1 (3.8)

Δ𝑧 = 𝑧2 − 𝑧1 (3.9)

where (𝑥1, 𝑥2), (𝑦1, 𝑦2) and (𝑧1, 𝑧2) are the corner coordinates of the prism when
the coordinate system is aligned with the prisms of the hydrological model (figure
3.3). For even larger distances, the prisms can be approximated by a point mass:

Δ𝑔 = 𝐺𝜌𝑆𝑦
𝑧

(𝑑3/2)
𝑑𝑥𝑑𝑦𝑑𝑧 (3.10)

The switching criteria between the three equations 3.1, 3.3, and 3.10 is based on
the distance 𝑟 from the gravimeter to the prism and the size of the cell expressed
through 𝑑𝑟2 = Δ𝑥2 +Δ𝑦2 +Δ𝑧2, by the ratio

𝑓 2 =
𝑟2

𝑑𝑟2
(3.11)

Figure 3.3 illustrates the use of the criteria. Switching criteria of 𝑓2 = 4 and 𝑓2 = 81

were shown by Leirião et al. (2009) to give negligible errors and is the standard in
the gravity routine.

3.4 Coupled hydrogeophysical inversion
The traditional inversion of spatial gravity data aims at estimating the extent and
density of an object. This is used to map subsurface structures such as geologi-
cal formations, mineral resources, and karst formations. Unless the object can be
represented by a simple shape, such as a Bouguer slab or a sphere, a high number
of model parameters are required to describe the shape and density of the object.
In a study on groundwater mass changes, Gehman et al. (2009) treated the change
in groundwater table as a change in the height of the surface of a half-plane. The
“object” was described through a Fourier transform of the gravity field. A some-
what similar approach was used by Chapman et al. (2008). A large number of
measurements at a spatial resolution sufficient to resolve the shape of the object
are required, which is costly and calls for a different approach.
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prism. Modified from Leirião et al. (2009).

21



Run model

Hydrological

model

Forward

gravity

Evaluate:

Criteria met?

Gravity

data

Hydrol.

data

Model

calibrated

Yes

No

Update

hydrological

parameters

Figure 3.4: Coupled hydrogeophysical inversion exemplified with gravity data.
The use of hydrological observations is optional.

Water flow in the subsurface follows physical laws, which have been incorporated
into the equations of physically-based hydrological models. This provides a strong
constraint on the spatial and temporal changes in water distribution and thus on
the change in gravity. In a coupled hydrogeophysical inversion (Hinnell et al.,
2010), the forward calculation of a geophysical signal (here gravity) is made based
directly on the hydrological model as is illustrated in figure 3.4. This limits the
parameters which are estimated through the inversion of geophysical data to the
parameters of the hydrological model. The inversion method has two major advan-
tages: One, it generally decreases the number of parameters that must be estimated,
as compared to a traditional geophysical inversion. And two, it provides a direct
estimate of the hydrological model parameters, which are what we are interested
in. Coupled hydrogeophysical inversion has successfully been used by authors in-
cluding Kemna et al. (2002); Kowalsky et al. (2004); Rucker and Ferre (2004);
Looms et al. (2008a) and Rings et al. (2010) on GPR and ERT data. In the two
papers Paper II and Paper III, the method is used to calibrate hydrological models
using gravity data. Per definition, the calibration data in a coupled hydrogeophys-
ical inversion are the geophysical data, but also hydrological observations can be
incorporated into the scheme. In Paper II, this is demonstrated using observations
from groundwater table wells. Model calibration was conducted using PEST (Do-
herty, 2010) which employs a gradient search method to minimize the objective
function Φ:

Φ𝑡𝑜𝑡𝑎𝑙 = (1− 𝑤)Φℎ + 𝑤 ⋅ ΦΔ𝑔 (3.12)
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Φℎ =
(
𝑛ℎ ⋅ 𝜎2

ℎ

)−1
𝑛ℎ∑
𝑖=1

(ℎ𝑜𝑏𝑠,𝑖 − ℎ𝑠𝑖𝑚,𝑖)
2 (3.13)

ΦΔ𝑔 =
(
𝑛Δ𝑔 ⋅ 𝜎2

Δ𝑔

)−1
𝑛Δ𝑔∑
𝑖=1

(Δ𝑔𝑜𝑏𝑠,𝑖 −Δ𝑔𝑠𝑖𝑚,𝑖)
2 (3.14)

where 𝑤 is a weight parameter, 𝑛 is the number of observations, 𝜎 is the data un-
certainty, ℎ is head data, Δ𝑔 is gravity data and the subscripts 𝑜𝑏𝑠 and 𝑠𝑖𝑚 indicate
observation and simulation, respectively. Note that in equations 3.13 and 3.14, Φℎ

and ΦΔ𝑔 are normalized by the variance of the observations so that a 𝑤 = 0.5 cor-
responds to equal weighting of head and gravity data. For the plotting of Pareto
fronts, I define the normalized root mean square errors as 𝑁𝑅𝑀𝑆𝐸ℎ =

√
Φℎ and

𝑁𝑅𝑀𝑆𝐸Δ𝑔 =
√

ΦΔ𝑔 where the normalization is with respect to the data uncer-
tainty 𝜎.
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4 Overview of main results
I here provide a short summary of the three experiments conducted, with the em-
phasis on the results. Each experiment resulted in one of the enclosed papers.

4.1 Performance assessment of the CG-5 relative
gravimeter

The use of gravimetry in hydrology was previously greatly limited by the accuracy
and precision of the gravimeters. Where accuracy is a measure of repeatability,
precision describes the instrument’s ability to measure the true value. In field ex-
periments, the latter cannot be evaluated, since there is no knowledge about the
change in subsurface density. The scope of the experiment described in Paper I
was to test accuracy and precision of the CG-5 relative gravimeter. By using an
indoor basin, we obtained complete control on the instrument precision. Further-
more, the paper aims to provide a framework for data acquisition and processing
in hydrogravimetry for non-geophysicists.

4.1.1 Materials and methods

Using a 20 m by 30 m indoor basin, we decreased the water storage by 0.684 ±
0.006m. The corresponding change in gravity was measured in two ways: one col-
lecting gravity time series data from a stationary position, and one using a gravity
network with three stations (figure 3.2). With only one gravimeter at our disposi-
tion, we first measured a baseline for the gravity network, with gravity differences
relative to the reference station (REF). We then left the gravimeter at station S1 for
67 h, and drained water from the basin during the last 1.15 h of the period. Con-
cluding the experiment, we remeasured the gravity network to find the change in
gravity at the three stations.

The time series data (figure 4.1(a)) were corrected for tidal effects (Cartwright
and Tayler, 1971; Cartwright and Edden, 1973) (figure 4.1(b)). The drift of the
gravimeter was assumed linear and estimated using the 52 h of time series data
prior to the drawdown. The drawdown data was then corrected for the drift (figure
4.1(c)). The removal of tidal effects left behind a residual with a temporal variation.
This was considered to be due to ocean loading, that is, the change in gravity due
to the combined effect of the redistribution of the ocean and the associated change
in ground height. Figure 4.2 highlights this. The temporal signal can be modeled
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Figure 4.1: (a) Base station time series. (b) Corrected for tidal effects. (c) Cor-
rected for tidal effects and linear drift. Note the difference in scales on the y-axis.
The signal is divided into three parts with different characteristics (boxes A, B and
C).

26



Time [hours]

R
el

at
iv

e 
gr

av
ity

 [µ
G

al
]

15 25 35 45 55 65
−5

0

5

10

Figure 4.2: Residual of the time series (black), which was used for the drift esti-
mation, after removal of tidal effects and drift. The data was re-sampled to 5 min
interval. The amplitude of the periodic signal is up to 4 𝜇Gal. Grey color marks
the one standard deviation uncertainty band. Over intervals of a few hours each,
the periodic signal can be seen as linear.

using a linear combination of sine functions, but the extrapolated values of the
function are too uncertain to be applied to the drawndown period of the data.

The network gravity data were corrected for height changes of the gravimeter for
each station occupation, for tidal effects (Cartwright and Tayler, 1971; Cartwright
and Edden, 1973), and for drift. Drift was estimated based on repeated visits at the
reference station. For each measurement of 𝛿𝑔, the gravity difference between REF
and one of the other stations was measured six times consecutively. Combined with
a short walking distance to the stations and careful handling of the gravimeter, this
ensured a low uncertainty on data.

4.1.2 Results
For the time series data, the total change in gravity was measured to be −28±3 𝜇Gal
with the uncertainties taken as the standard deviations of the average start and final
gravity values (see figure 4.3). The theoretical response from the drawdown was
calculated to −28.7±0.3 𝜇Gal using equation 3.1. The two numbers are in excellent
agreement with a precision of 0.7 𝜇Gal. The station S1 was located on the top of a
~3 m long iron pole in the water. The pole was slightly flexible, which is believed
to have lead to an increased noise in the data. It is particular visible in figure 4.3
during the drawdown. For a more stable station platform, a lower noise level is to
be expected.

For the gravity network, the measured change in gravity (Δ𝑔𝑚𝑒𝑎𝑠) is compared to
the calculated value (Δ𝑔𝑡ℎ𝑒𝑜𝑟𝑦) based on the directly measured drawdown in the
basin (table 4.1). There is a very good agreement between the theoretical and cal-
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Figure 4.3: Measured gravity (black) at S1 re-sampled to 5 min intervals and mea-
sured water table converted to a change in gravity using equation 3.1 (blue). Water
drained under gravity until 66.91 h where a pump was started, thus giving the kink
in the curve at this time. Grey color marks the one standard deviation uncertainty
band.

Table 4.1: Theoretical and measured changes in gravity as estimated using the
network data. All units in 𝜇Gal. Uncertainties on Δ𝑔𝑡ℎ𝑒𝑜𝑟𝑦 are derived from the
uncertainty on the pressure transducer measurement of change in water table.

𝜹𝒈𝒅𝒂𝒚1 𝜹𝒈𝒅𝒂𝒚2 Δ𝒈𝒎𝒆𝒂𝒔 Δ𝒈𝒕𝒉𝒆𝒐𝒓𝒚

S1 −43± 3 −70± 3 −27± 4 −27.2± 0.3

S2 −180± 2 −196± 2 −16± 3 −16.2± 0.3

S3 −170± 2 −191± 3 −21± 4 −16.0± 0.3
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culated change in gravity for S1 and S2 with precisions of 0.2 𝜇Gal. The theoretical
values falls well within two standard deviations for S3, and no explanation could
be found for the larger error of 5 𝜇Gal seen at this station. It is notable that the
uncertainty on the S3 is as low as for the two other stations. From our point of
view, this illustrates the need for a check of the CG-5 precision.

The time series data provided high-resolution temporal data of good accuracy and
precision. A long time series (>24 h) is required prior to the change in water storage
in order to estimate the drift. Furthermore, there is no evidence that the drift can be
assumed linear at the 𝜇Gal scale for more than some hours. Most natural storage
changes at a volume large enough to be interesting for hydrogravimetry take place
at time scales of days or more. Leaving an instrument with a value in the order
of 100.000 $ in the field for an extended time is not a practical approach in most
cases. The network measurements, on the other hand, provided data with a spatial
resolution and an accuracy of up to 4 𝜇Gal. This corresponds to ~10 cm of water
under the Bouguer slab approximation. Large-scale changes in gravity, e,g, due to
air pressure changes or ocean loading cancels out, if the measurements are made at
a time scale short enough for these changes to be considered linear. This is the case
in the experimental work presented here and network measurements are therefore
chosen as the preferred measurement method.

The data collected here were averaged to 55 s samples by the gravimeter before fur-
ther processing. We suggest that the full 6 Hz raw data from the CG-5 is recorded
in future hydrogravity campaigns in order to obtain knowledge on the noise dis-
tribution. The raw data will increase the understanding of the signal during re-
laxation after transport and help determine how much of the data to keep during
pre-processing (Gettings et al., 2008). Furthermore, the CG-5 sensitivity of less
than 1 𝜇Gal can only be obtained when the raw data is analyzed (Merlet et al.,
2008).

4.2 Calibration of a saturated zone model
In the period from April to September 2008, I conducted a field experiment in the
Okavango Delta, Botswana. The peripheral parts of the Okavango Delta undergo
an annual flooding and drying cycle, with groundwater table variations of several
meters. In combination with the sandy, unconfined aquifer found in large parts of
the Delta, the area was considered ideal for a field test of hydrogravimetry. The
experiment had three aims: (1) To demonstrate the use of hydrogravimetric data
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in a coupled hydrogeophysical inversion, (2) to investigate the value of the data
for hydrological parameter estimation, and (3) to gain further experience on the
procedures for hydrogravimetric data acquisition.

4.2.1 Materials and methods

I chose a field site at the Matsibe River, which at the start of the experiment was
in a dry state at the site. A transect was defined perpendicular to the river bed and
four different types of data collected: topographic data, hydraulic head variations,
river stage and changes in gravity with time (figure 4.4). Data were collected over
a total of four months, with the river flooding over the last 38 days. All temporal
data were gathered during July and August 2008 and for the analysis variations
within a given day was not considered and so each measurement was assumed to
occur at 12 noon. The field site is shown in figure 4.5 before and about two weeks
after the arrival of the flood wave.

Gravity data were collected in a gravity network and treated following the method-
ology tested in Paper I. Each measurement of 𝛿𝑔 consisted of six consecutive mea-
surements of the gravity difference between the reference station (not shown in
figure 4.4) and the station under investigation. A full 𝛿𝑔 measurement was con-
ducted within an hour, supporting an assumption of linearity in the drift.

The site was modeled in MODFLOW-96 (Harbaugh and McDonald, 1996) with
the gravity response based on the routine by Leirião et al. (2009). Hydraulic head
data and Δ𝑔 values were used as calibration data, with hydraulic conductivity (𝐾ℎ),
specific yield (𝑆𝑦), river bed conductance (𝐶𝑟), and evapotranspiration (𝐸𝑇 ) as the
target parameters. To support the interpretation of the field data, a study was first
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Figure 4.5: Matsibe River in the dry state and 12 days after the river started flood-
ing. The water arrived as a slow wave and rose to about 0.8 m depth within a week.
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made using synthetic data. For two boreholes and two gravity stations, the change
in model response to a 5% change from a set of baseline parameters was calculated
(figure 4.6). A spatial and temporal dependence is seen. From the figure, it is clear
that 𝑆𝑦, 𝐾ℎ, and 𝐸𝑇 are the parameters, for which the gravity data will provide the
best constraint, but also small sensitivity to changes in 𝐶𝑟 is observed.

In a multi-objective calibration, a somewhat subjective choice of the weight be-
tween the different types of data must be made. The weighting is expressed by the
factor 𝑤 in equation 3.12. By varying 𝑤 stepwise from zero to one, the influence
of 𝑤 could be investigated. Figure 4.7 shows the calibration results, still based on
synthetic data, for varying values of 𝑤. They are expressed in terms of a Pareto
front, the development of the parameter values and the corresponding 95% confi-
dence intervals, and the parameter correlation coefficient. As discussed in Paper
II, gravity data only adds little additional constraint on the calibration, when only
𝐾ℎ and 𝑆𝑦 are estimated. The parameter correlation is positive and high, switching
to negative correlation for high values of 𝑤. Even though the absolute correlation
coefficient is lower for 𝑤 = 1 than for 𝑤 = 0, gravity data alone do not constrain
the model parameters.

4.2.2 Results
In figure 4.8, the calibration results for 𝐾ℎ and 𝑆𝑦 using the field data are shown.
Comparing to figure 4.7, we see a similar behavior with well constrained parame-
ters. The introduction of gravity data gradually decreases the confidence intervals
until close to 𝑤 = 1.

The results for a calibration with two free parameters indicate that the calibration
problem is already well enough constrained for two parameters for the gravity data
to make much of a difference. We thus increased the number of free parameters to
four by including 𝐶𝑟 and 𝐸𝑇 . I refer to Paper II for the Pareto front and to figure
4.9 for the estimated parameter values and confidence intervals. We see that head
data on its own does not constrain the four parameters. For an approximate interval
of 𝑤 = [0.2; 0.8], all parameters are constrained to what must be considered small
intervals. As in the two-parameter case, gravity data alone does not constrain the
parameters. It can seem, though, as if 𝐾ℎ and 𝑆𝑦 are somewhat constrained for
𝑤 = 1, but the results of the two-parameter case contradicts this. Possibly, some
of the uncertainty related to the estimated 𝐾ℎ and 𝑆𝑦 is transferred to 𝐶𝑟 and 𝐸𝑇

as an artifact of the gradient search method utilized by PEST. The development of
the individual parameter correlation coefficients is difficult to interpret (see Paper

32



0 10 20 30
−0.6

0

0.6

1.2

Time  [days]

as
  [

µG
al

]

0 10 20 30
−0.6

0

0.6

1.2

Time  [days]

as
  [

µG
al

]

0 10 20 30
−0.08

0

0.08

Time  [days]

as
  [

m
]

0 10 20 30
−0.08

0

0.08

Time  [days]

as
  [

m
]

 

 K
h

S
y

C
r

ET

MA04 a

MA08 b

GP02 c

GP04 d

Figure 4.6: Absolute sensitivities for gravity (GP02, GP04) and head (MA04,
MA08) observations. Parameters were in turn varied +5% from the baseline values.

33



1 1.5 2 2.5

1.04

1.08

1.12

NRMSE
h

N
R

M
S

E
∆ 

g

0 0.2 0.4 0.6 0.8 1

5

10

15

w

K
h [m

 d
ay

−
1 ]

0 0.2 0.4 0.6 0.8 1

0.2

0.25

0.3

w

S
y [−

]

0 0.2 0.4 0.6 0.8 1
−1

0

1

w

C
or

r 
[−

]

a

b

c

d

 w = 0.5

 w = 0.95

Figure 4.7: Calibration results for synthetic data with varying 𝑤. (a) Pareto front.
(b) 𝐾ℎ (solid line) and 95% confidence intervals (dashed line). True value is 𝐾ℎ =

10m day−1. (c) 𝑆𝑦 (solid line) and 95% confidence intervals (dashed line). True
value is 𝑆𝑦 = 0.25. (d) Parameter correlation coefficient. For (b) and (c), the axes
are equal to those on figure 4.8 for better comparison.

34



2 2.2 2.4 2.6 2.8
0.8

0.85

0.9

NRMSE
h

N
R

M
S

E
∆ 

g

0 0.2 0.4 0.6 0.8 1

5

10

15

w

K
h [m

 d
ay

−
1 ]

0 0.2 0.4 0.6 0.8 1

0.2

0.25

0.3

w

S
y [−

]

0 0.2 0.4 0.6 0.8 1
−1

0

1

w

C
or

r 
[−

]
a

b

c

d

 w = 0.5

 w = 0.95

Figure 4.8: Calibration results for field data with varying 𝑤 and two free param-
eters. (a) Pareto front. (b) 𝐾ℎ (solid line) and 95% confidence intervals (dashed
line). (c) 𝑆𝑦 (solid line) and 95% confidence intervals (dashed line). (d) Parameter
correlation coefficient.

35



0 0.2 0.4 0.6 0.8 1
0

10

20

30

40

w

K
h [m

 d
ay

−
1 ]

0 0.2 0.4 0.6 0.8 1
0.05

0.25

0.45

w

S
y [−

]

0 0.2 0.4 0.6 0.8 1
0

1

2

3
x 10

4

w

C
r [m

2  d
ay

−
1 ]

0 0.2 0.4 0.6 0.8 1

2

6

10

w

E
T

 [m
m

 d
ay

−
1 ]

a

b

c

d

Figure 4.9: Parameter values as a function of 𝑤. All parameters are undetermined
for 𝑤 = 0. The same is case for 𝐶𝑟 and 𝐸𝑇 when 𝑤 = 1. 𝐶𝑟 has a final value
of 500,000 m2day−1, which was its upper limit in the calibration routine. The
parameter-axes are cut below maximum values to better show the curves.
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Figure 4.10: Average absolute parameter correlation coefficients as a function of
𝑤.
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Figure 4.11: Calibration curves for best estimate (black) and the confidence limit
intervals (gray). One standard deviation errors bars are shown for gravity data, but
are too small to be visible for the head data.

II). Figure 4.10 shows the summed absolute parameter correlation coefficients. We
see that the correlation is unity for 𝑤 = 0, decreases to a steady state value for
𝑤 = [0.4; 0.8] and increases for values very close to 𝑤 = 1. This corresponds well
to the shape of the confidence intervals in figure 4.9, as we should expect well
estimated parameters for low parameter correlation coefficients.

A weight factor of 𝑤 = 0.5 can be seen as giving the information content in the two
data types the same weight in the calibration. The results presented here supports a
choice of 𝑤 = 0.5, but also show that choosing a broader range of 𝑤-values does not
affect the calibration results notably. The calibration curves for head and gravity
for four free parameters and 𝑤 = 0.5 are shown in figure 4.11. We see a good

37



overlap between the data uncertainty and the model uncertainty.

4.3 Estimating van Genuchten model parameters
Having shown an improvement in the estimation of model parameters for a satu-
rated zone model, the third and final paper deals with hydrogravimetric measure-
ments of the vadose zone (Paper III). Here, the aim is to investigate to what extent
time-lapse gravity data can constrain parameters in a vadose zone model. Using
a van Genuchten (van Genuchten, 1980) parametrization, the parameters are the
saturated moisture content (𝜃𝑠), the saturated hydraulic conductivity (𝐾𝑠), and the
shape parameter 𝑛. To act as an independent control on the gravity data, cross-
borehole ground penetrating radar (GPR) data were collected alongside with the
gravity data.

4.3.1 Materials and methods
A forced infiltration experiment over a 10.33 by 10.33 m3 grassland was conducted
using a drip irrigation system (figure 4.12). Constant head over time was ensured
using a water container with an overflow system as buffer. The infiltration lasted
for 14 days with an average infiltration rate of 86.2 mm day−1. The site was chosen
to have 25-30 m depth to the groundwater table. This, combined with a maximum
distance of about 30 m in the gravity network and the limited investigation depth
(see below), ensured that no gravity signal from changes in the groundwater table
affected the Δ𝑔 data.

Four GPR access boreholes were installed using a direct-push drilling system. A
diagonal distance of 5 m was chosen as a compromise between covering as much of
the irrigated area as possible and avoiding a too large attenuation of the radar signal
due to the traveled distance between the boreholes (figure 4.13). Data was collected
using a zero-offset (ZOP) configuration and as multi-offset gathers (MOG), see
figure 4.14. Where the first method gives 𝜃 in one dimension, namely along the
vertical axis, the MOG results in two-dimensional tomographic 𝜃-data. For details,
see Paper III.

Three gravity stations (S1, S2, and S4) were installed as shown in figure 4.13 an-
ticipating a possible downhill subsurface flow due to a 6% inclination from station
S2 down to S4. A total of 40 measurements of the change in gravity at S1, 15 at
S4, and 4 at S2 were made during the infiltration period.

A homogeneous model of the vadose zone was built in Mike SHE. The software
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Figure 4.12: A. Drip irrigation setup with GPR access borehole, the gravimeter at
the S1 station and a tent to shield against rain, sun, and wind. B. Water container
with overflow system to ensure a constant head, flowmeter, and gauge for total
water use. C. Measuring cross-borehole GPR (the other antenna not shown).
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Figure 4.13: Schematic drawing of the setup as seen from above. The gray square
indicates the 10.33 m by 10.33 m irrigation area. Circles indicate GPR measure-
ment boreholes and squares the gravity stations. Dashed lines show the sections
along which GPR data were collected. The distance along the GPR2-GPR4 diag-
onal was 5 m and the average slope from S2 to S4 6% downwards. The distance
from the irrigated area to S2 and S4 was 0.3 m. Reference station for gravity
measurements is not shown.
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Figure 4.14: Timing of GPR measurements.
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Figure 4.15: Change in gravity at S1 (solid line) and S4 (dashed line) based on the
a priori hydrological model.
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Figure 4.16: Contribution to gravity signal with depth over time at S1. Each con-
tour interval indicates a 5 𝜇Gal increase in measured gravity. A maximum of just
below 20 𝜇Gal is reached shortly before irrigation is ended. The movement of the
wetting front shows up as a diagonal line in the contours. Draining of the soil is
seen when the irrigation ends.

solves the full Richards’ equations for the vadose zone in 1D (Richards, 1931) and
does not allow for horizontal flow. A priori model parameters were based on a
study by Bakmand-Mikalski and Karlsson (2008). Figure 4.15 shows the expected
change in gravity at the stations S1 and S4. The investigation depth for gravity
changes over time with the amount of infiltrated water, as is evident from figure
4.16. An example: on day 10, a total signal of a little more than 15 𝜇Gal can
be measured. Of these, the first 5 𝜇Gal comes from the top one meter, the next
5 𝜇Gal from the next 1.5 m, adding up to 10 𝜇Gal at 2.5 m depth. The next 5 𝜇Gal
comes from the added water between 2.5-5 m depth, bringing the total signal to
15 𝜇Gal and leaving a small contribution from the soil below. The growing dis-
tance between the contour lines illustrates how the resolution of the gravity data
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Figure 4.17: Absolute sensitivities as a function of time.
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Figure 4.18: Estimated parameters and their 95% uncertainty bounds, based on
synthetic data. Symbols denote which parameters where calibrated for, either in-
dividually or in pairs. Dotted line shows true parameter value.

diminishes with depth.

As in the example with the saturated zone, a sensitivity analysis on the change in
model output from a change model parameters was made (figure 4.17). It shows
that the parameters 𝜃𝑟, 𝑛 and 𝐾𝑠 should be the target parameters of a calibration.
Using synthetic gravity data, the ability of gravity to constrain the three parameters
was tested. This was done for both the single parameters and in combinations.
From figure 4.18 we see that the gravity data constrain the parameters well, when
calibrated one by one. This is given a perfect knowledge of the true value of
the fixed parameters. For the two parameter pairs (blue and black symbols), the
parameter values are all underestimated, but within or close to within the 95% error
bounds. A calibration with three free parameters could not be made to converge.
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Figure 4.19: 𝜃 over time for cross-section GPR2-GPR4 based on MOG data.

4.3.2 Results

The gradual increase of 𝜃 over time based on MOG data is shown for one of the
GPR profiles in figure 4.19. The water content is seen to increase gradually and
unevenly in the top 6 m of the profile during the first four days. From day 6 to day
15, the water content also increases below 6 m depth, but to lower peak values than
in the section above. It is evident from the plots that something happens around
5-6 m depth, but it cannot from these data be deduced exactly what. The water is
turned off on day 15 a few hours prior to the MOG measurement. Up until day
20 the water content is seen to decrease again, but not to the level prior to the
irrigation.

The ZOP data are presented as an average change in 𝜃 over the six ZOP profiles
(figure 4.20). The 1D 𝜃-data reveal fewer details, but can be considered more
representative for the soil column, as they cover a larger volume. Similar to the
MOG-data, an increase in 𝜃 is seen in the top 5-6 m during the first four days. Not
until day 6 (possibly day 5) does the water infiltrate below 5 m depth and then only
with a smaller increase in 𝜃 as a result.
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Figure 4.20: (Left) Average 𝜃 for ZOP during irrigation phase. Bold line is the
baseline. (Right) Average 𝜃 during drying phase. The last ZOP recorded during
the irrigation phase (day 13) is included as reference (dashed line).

The accumulated water content based on the ZOP data was compared to the ac-
cumulated irrigated water, see figure 4.21. We here assumed that the ZOP data
were representative of the full 10.33 by 10.33 m2 soil column. The two curves are
seen to correspond well until around day 7 where the ZOP-based curve goes into
steady state. This shows that water is lost to outside the volume over which the
GPR measured.

Measured gravity changes are shown in figure 4.22. For S1, Δ𝑔 rises to around 8-
10 𝜇Gal during the first 6-7 days. It then enters a steady state situation until it drops
slightly in the end. The signal-to-noise ratio is low. For S4, Δ𝑔 is seen to reach
similar values. Comparing to figure 4.15, the expected gravity signal at S4 should
be around half the signal of S1. This suggests that a large amount of water flowed
horizontally below the S4 station, which is discussed in more detail in Paper III.
The data for S2 are scarce and at least one datum is an outlier. A measurement was
attempted at the end of the campaign in order to clarify the trend of the S2 curve,
but it had to be discarded due to strong seismic noise.

Under the assumption that the ZOP-based water content is representative for the
full soil column, the changes in 𝜃 were converted into changes in gravity. As is
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Figure 4.21: Accumulated irrigated water directly measured (full line) and from
ZOP data (dashed line). The uncertainty (gray dashed lines) is evenly distributed
within the intervals.
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Figure 4.22: Gravity data for stations S1 (red +), S2 (black o), and S4 (blue ∙).
Error bars show one standard deviation.
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Figure 4.23: ZOP data (black) converted to a gravity signal compared to the mea-
sured gravity (red +) at S1. Grey lines indicate an evenly distributed uncertainty
around ZOP data and the error bars one standard deviation.
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Figure 4.24: Estimated parameters and their 95% uncertainty bounds, based on
field data. Symbols denote which parameters where calibrated for, either individu-
ally or in pairs. Convergence of the calibration routine could not be achieved when
𝑛 alone was calibrated for.

seen from figure 4.23 , there is a good correspondence between the mass recorded
through gravity and through GPR measurements.

To account for the loss of water to outside the volume to which the geophysical
measurements are sensitive, the forward calculation of gravity based on the hydro-
logical model was changed to only include the top 5 m of the soil column. This
was supported by the analysis of the sensitivity with depth shown in figure 4.16. It
showed that the contribution to gravity is small below 5 m depth. The calibration
results are shown in figure 4.24 for the parameter combination for which the cali-
bration routine could be made to converge. The corresponding calibration curves
are shown in figure 4.25 . Only the curve for the parameter pair (𝜃𝑠, 𝑛) can be dis-
tinguished from the others. It is the one parameter pair that results in a positive Δ𝑔,
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Figure 4.25: Calibration curves for the results in figure 4.24. Only the curve for
the pair (𝜃𝑠, 𝑛) (dashed line) can be distinguished from the other curves (full lines),
which overlap each other. Red pluses show S1 data used in the calibration, gray
pluses show data discarded due to large, unexplained variations in data.

which corresponds to the results of the GPR data. It indicates that the correspond-
ing parameter values are the best estimate, given the chosen a priori parameters.
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5 Discussion
In Paper I, gravity time series were compared against gravity network data in a
controlled environment. The two methods provided data of comparable accuracies
(2 – 4 𝜇Gal), but the issues with instrument drift and the need to leave the gravime-
ter at location for an extended period in order to acquire time series data made
us conclude that gravity network data are in general better suited for hydrological
investigations. In the two following field tests (Paper II and Paper III), time-lapse
gravity was measured in networks with uncertainties of 1 – 4 𝜇Gal on 𝛿𝑔. These
are low uncertainties and in line with the results by e.g. Jacob et al. (2009, 2010),
who also used a CG-5 gravimeter. It should be noted, though, that in our field test,
all the networks were small and a full measurement of 𝛿𝑔 could be made within
an hour and with all traveling made by foot. Furthermore, short intervals between
station occupations reduce the error contribution from an imperfect tidal removal.
For large-scale campaigns, such as measuring storage changes on the basin scale,
less accurate data can be expected. Longer station occupation is likely to counter-
act this somewhat (Gettings et al., 2008) due to better relaxation of the gravimeter
and averaging of seismic noise over longer time. The same applies for processing
of the raw 6 Hz gravity data from the CG-5, instead of the averaged data given by
it in the standard operation mode. Longer station occupation time does not give
better drift control, though.

Our results on the improved estimation of 𝑆𝑦 are similar to those reported by
Blainey et al. (2007), who demonstrated the use of time-lapse gravity data in a syn-
thetic pump test. They also observed that gravity data alone does not constrain 𝐾ℎ

and 𝑆𝑦 well (knowledge of the initial water table is in any case needed to calculate
the gravity change, so boreholes must be present). In principle, the demonstrated
improvement of parameter estimation is not limited to the river bank infiltration
case, though the specific choice of conceptual model and parametrization plays an
important role.

In a practical application the challenge is to discern the contribution from storage
changes in the saturated and the vadose zone, respectively. Head measurements
and prior knowledge of the specific yield helps (Paper I). Modeling with 16 years
of rain data have shown that seasonal peak-to-peak variations in gravity can be on
the order of 10 – 12 𝜇Gal for a Danish climate (Ribers, 2009). By monitoring
storage changes in the vadose zone, hydrogravimetry could help close the water
budget.
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The low spatial resolution of hydrogravimetric data, as compared to other geo-
physical data such as GPR, ERT, and TDR, is both a weakness and a strength. The
vadose zone experiment illustrated the inability of gravity data to resolve the de-
tails in the subsurface water flow. This puts a limit to the ability to constrain the
van Genuchten parameters. The strength of hydrogravimetric data in turn lies in
the ability to capture the change in water storage at a larger scale. For physically
based models used for catchment modeling, where typical scales are >100 m, av-
erage values of the model parameters are more representative than detailed knowl-
edge on the dm scale. In this respect, gravity-constrained model parameters help
to bridge the gap between point measurements and the modeling scale.

Geophysical methods based on measurements of the resistivity or the relative per-
mittivity do not work well for soils with a high clay content. Excepted from this
is cross-borehole ERT, which benefits from a low-resistive soil. Though clay does
not have a direct effect on Δ𝑔, hydrogravimetric measurements do not work well
for clayey soil either. The strong soil water retention combined with the low hy-
draulic conductivity makes it difficult to obtain a sufficient storage change within
reasonable time, even though 𝜃𝑠 for clay is usually comparable to that of sand.

Collecting time-lapse relative gravity at the 𝜇Gal scale can be tedious and requires
extra time, money and training. In the river bank infiltration case, gravity mea-
surements in principle replaced slug- or pump tests for 𝑆𝑦, pan evaporation mea-
surements for 𝐸𝑇 and infiltrometers for 𝐶𝑟 estimation. An important limitation
of hydrogravimetric data is that it only contains information on the unconfined
aquifer. Slug- and pump tests do not have this limitation.

Under the Bouguer slab assumption, an accuracy on the gravity change of 3 –
4𝜇Gal corresponds to 0.07 – 0.10 m of pure water. With a 𝑆𝑦 of e.g. 0.2, the
resulting uncertainty on the change in water table is 0.36 – 0.48 m. For 𝑆𝑦 = 0.1,
the uncertainty is doubled. This is considerable compared to the small errors (mm
accuracy is possible), which can be obtained by direct logging of water table wells.
And so, gravity data cannot fully replace borehole observations, but potentially
be a cost-efficient supplement. Based on an estimate of 𝑆𝑦 from one borehole,
Howle et al. (2003) used time-lapse gravity data to map the extend of a water
injection mound, which saved the installation of many expensive piezometers to
100 m depth.

Based on the considerations of scale, the monitoring of water storage variations
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Figure 5.1: Down-borehole gravity based on the a priori hydrological model pa-
rameters. Full line shows Δ𝑔 at S1. The remaining lines, the gravity at -1 m, -5 m,
and -10 m depth below ground surface. The vertical line denotes when the irriga-
tion was turned off.

at the basin scale (Crook et al., 2008; Jacob et al., 2008, 2010) holds a large po-
tential for the use of hydrogravimetry. Other suggested applications of coupled
hydrogeophysical inversion with gravity data are pump tests, river bank storage
(natural variations; variations due to dam regulation), water injection (for storage)
and monitoring of 𝐸𝑇 in areas with a thick unsaturated zones and wet/dry seasons.
The current GHYRAF project in West Africa exploits time-lapse gravity in rela-
tion to infiltration from a large rain water pool (Pfeffer et al., 2009; Hinderer et al.,
2009).

Compared to cross-borehole GPR and ERT, gravity does not require drilling. The
limitation to stay on the surface results in a low ability to resolve hydraulic varia-
tions with depth. Anticipating the development in gravimeters, we suggest using
down-borehole gravimetry. This will allow for a better resolution with depth. Ja-
cob et al. (2009) demonstrated this on natural storage variations in an epikarst
formation, using one station at the surface and one station down a pothole at about
60 m depth. They were limited to one station below ground, but suggested the
use of more stations to increase the vertical resolution. To demonstrate the change
in gravity signal with depth, modeling of the gravity with depth was done for the
vadose zone model from Paper III. The results are shown in figure 5.1. The ar-
rival of the infiltration front is clearly seen as v-shaped bends on at the subsurface
stations. From this information, the effective hydraulic conductivity can be calcu-
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lated, which is not evident from the above surface data alone. Furthermore, larger
peak-to-peak variations are obtained in the data, which is important for data with a
low signal-to-noise ratio (see the -5 m curve).
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6 Conclusions
Two measurement approaches for acquiring hydrogravimetric data were tested un-
der controlled conditions. For the time series data, the precision and accuracy
were 0.02 m (0.07𝜇Gal) and 0.07 m (3𝜇Gal) water equivalent, respectively. In the
gravity network, stations S1 and S2 showed a precision of 0.01 m (0.2𝜇Gal) and
accuracies of 0.07 m and 0.10 m (3 and 4𝜇Gal), respectively. For the remaining
station, the precision was 0.12 m (5𝜇Gal) water equivalent which is within two
times the instrument accuracy of 4𝜇Gal. Results illustrate the extent of uncertainty
in gravity data, which stems from unrecognized systematic errors. In a field ap-
plication, the use of time series data was deemed impractical due to unresolved
instrument drift problems and the implications of leaving expensive equipment in
the field for an extended time.

On a river bank infiltration system, we showed that time-lapse gravity data could
constrain model parameters through a coupled hydrogeophysical inversion. It was
particularly useful for determining 𝐾ℎ and 𝑆𝑦, but is also of benefit when deter-
mining 𝐸𝑇 and 𝐶𝑟. With head data alone, the parameter uncertainty was close
to infinity and the four parameters could not be determined. Gravity data alone
did not constrain the model well either, but the combination of the two data types
greatly improved parameter optimization.

Gravity was sensitive to changes in parameters 𝜃𝑠, 𝑛, and 𝐾𝑠, which should be the
future target parameters for the calibration of vadose zone models using gravity
data. For the synthetic example, we successfully estimated the parameters 𝜃𝑠, 𝑛,
and 𝐾𝑠 individually and the parameter pairs (𝜃𝑠, 𝑛) and (𝜃𝑠, 𝐾𝑠). The latter, though,
did not retrieve the true 𝜃𝑠 within the 95% parameter uncertainty bounds. Gravity
data is not able to constrain three parameters at a time. For pairs of free parameters,
all parameters were underestimated. Using field data, the model was calibrated for
𝜃𝑠 and 𝐾𝑠 individually, and for the pairs (𝜃𝑠, 𝑛) and (𝜃𝑠, 𝐾𝑠). The parameter 𝑛 could
not be estimated.

A coupled hydrogeophysical inversion scheme proved successful for model cali-
bration of both the saturated and vadose zone models. The weighting of the infor-
mation content in the case of two data types (head and gravity) was shown not to
be crucial. A wide range of weights all gave reasonable results.

For the vadose zone model, the limited resolution with depth for gravity data posed
a problem for an hydraulically inhomogeneous soils. Hydrogravimetric measure-
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ments of the vadose zone with the purpose of model calibration should, until more
experience with this data type has been obtained, be collected in combination with
other data types, e.g. TDR, GPR or ERT.

The strength of hydrogravimetry lies in its ability to constrain hydrological mass
changes, which are directly linked to 𝑆𝑦. The ability to detect water table changes
is poor and we do not see hydrogravimetry as an alternative to precise direct log-
ging of well water tables. The application of time-lapse gravimetry can be used in
hydrology as a constraint on storage variations in both unconfined aquifers and the
vadose zone, on the extent of injected water mounds, and on hydrological model
parameters through coupled hydrogeophysical inversion with 𝑆𝑦 and 𝜃𝑠 as the most
prominent parameters. A substantial weakness is the limitation to measure only
changes in water storage and not absolute values, as obtained by the geophysical
methods reviewed in section 2.1.

Hydrogravimetry is best suited for systems that have one or more of the following
characteristics: sandy soils (high 𝑆𝑦 or 𝜃𝑠 and low retention), large variations in wa-
ter storage (must supersede data accuracy), water table rise as opposed to lowering
(possibly higher 𝑆𝑦), little or no precipitation (better vadose zone control), rapid
storage variations (weeks rather than years; stable reference point), flat or gently
sloping areas (simpler water geometry and modeling) and homogeneous soils (the
volume over which gravity data average is tens to hundreds of m3).
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