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1. Introduction 

The history of the investigation of free fall extends back at least to the era of 
Aristotle, who stated that heavy bodies fall faster than light ones. This statement 
was generally accepted until the 16th century. The Italian astronomer Galileo 
Galilei refuted Aristotle's idea by stating that, in the absence of air resistance, 
all objects fall with the same uniform acceleration. As a result of Galilei’s and 
his fellow-Italian astronomer Giovanni Riccioli’s intensive work, the first 
estimation of g, 9.36 ± 0.22 m/s2, was delivered in 1651 (Riccioli, 1651). 

The origin of free fall was not understood before Isaac Newton published the 
law of universal gravitation in 1687. It states that every point mass in the 
universe attracts every other point mass with a force that is directly 
proportional to the product of their masses and inversely proportional to the 
square of the distance between them. The law also predicted that the Earth 
should be flattened at the poles, which explained the observed dependence of g 
on latitude. It was soon established that g is around 9.8 m/s2 with a global 
variation of 0.5%, depending on the location of the measuring point.  

The accuracy of modern absolute gravimeters is 20 nm/s2 (= 2 gal), whereas 
it is even 0.01 nm/s2 (1 ngal) for the state-of-the-art Superconducting relative 
Gravimeters (SG). That high accuracy means that we cannot consider g as a 
constant either temporally or spatially. It also means that a large number of 
sources and phenomena previously outside the detection limit can now be 
observed with gravity measurements. In fact, the measuring accuracy for the 
variation of g is better than our ability to model the origin of the sources and 
phenomena causing the variation.  

Early work on the influence of hydrological factors on gravity was performed 
using ordinary spring gravimeters (e.g. Mäkinen and Tattari, 1991). A new era 
started in 1994, when the Finnish Geospatial Research Institute FGI (former 
Finnish Geodetic Institute) started operating a superconducting gravimeter at 
the Metsähovi Research Station. This created both an opportunity to observe a 
number of hydrological and other environmental effects in gravity and the need 
to model them. Nowadays, FGI routinely corrects the SG recordings for several 
gravity effects, e.g. the Earth and ocean tides, polar motion, the atmosphere, 
and the changing height of the Baltic Sea. But the effects of several unknown 
and undefined gravity sources are still superposed in the data. Their influence 
must be corrected to reach other smaller signals in measured gravity, e.g. to 
verify the models used in the aforementioned corrections.  
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Many branches of geodesy and geophysics benefit from SG 
measurements (Crossley and Hinderer, 2010). Accurate corrections for 
local hydrogeological effects are essential in several applications. Second, 
the knowledge gained in the hydrogeological modelling at Metsähovi by 
applying model verification by observations of g could also be exploited at 
other hydrological study sites where gravity information is not necessarily 
available. Thirdly, Crossley et al. (2012) suggested that SG measurements 
offer an opportunity to validate global satellite observations of regional 
variation in gravity (GRACE) if the site specific gravity effect of the local 
hydrology is considered. 

 

1.1 Research scope and objectives 

The research scope of this study is to identify and characterize the local 
hydrogeological phenomena and sources influencing gravity at Metsähovi, 
understand their relative contribution, and construct a local hydrogeological 
model in order to assess their influence and correct for it in the SG observations. 
In order to achieve this goal groundwater (GW), meteorological, and soil 
moisture data was collected for several years and then it was combined with a 
geological site model to predict and analyze the gravity effect. The prediction is 
compared with the measured g, in which it is also necessary to account for the 
contributions of the regional and global hydrology. Before this study, the gravity 
effect of the local hydrology was modelled only by regressing the SG residual on 
the GW level change (Virtanen, 2001).  

In the first stage of the study (Articles I-III), two aims were set: (1) identify all 
the local hydrogeological sources and phenomena influencing gravity at 
Metsähovi and (2) characterize them at least with ranging. As a result of the 
studies, six phenomena that cannot be accounted for by the simple GW 
regression were isolated and/or characterized. They are: 

 
1. the difference in hydraulic conductivity of non-homogeneous soils and 

bedrock, which causes an uneven and variable groundwater table; 
2. the water flow in the fractures in the crystalline bedrock above the 

groundwater table below the gravity station, which may cause rapid 
changes in the water content in the immediate vicinity of the gravity 
sensor in an unsaturated zone; 

3. variation in the porosity of the bedrock within the range of the 
groundwater level, causing a non-linear relationship between the 
fluctuating groundwater table and the changing water mass of the 
fractures; 

4. the time-varying amount of surface and soil water at the study site; 
5. snow on the ground in the study area; 
6. snow on the roof of the gravity station 

Although Article IV addresses the last two items (5 and 6), they are not 
considered further in this thesis, as the author did not participate in those 
aspects of the study. The characterization of sources 1-4 focused on assessing 
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their contribution to the vertical component of gravity (i.e. the vertical 
component of the vector sum of all the gravity sources at a certain point) at the 
location of the SG sensor. It turns out that a crucial aspect is the geometrical 
distribution of the variable water mass. Since the topography of Metsähovi is 
relatively flat and the soil layers are thin, the major part of the variable mass is 
located laterally from the SG sensor and almost at the same height and therefore 
contributes little to the vertical component of g observed by the sensor. Most of 
the model calculations in Articles I-III were performed by synthetic data. 

In the second stage of the study (Article IV), the main interest (the third aim 
of this thesis) was to construct a time-lapse hydrogeological model of Metsähovi 
based on actual hydrological, real geophysical, and geological observations and 
a new conceptual platform for the further development of 4D hydrogeological 
models. The work is still in progress but three vital factors influencing the 
modelling of g were identified. They are (1) the hydrogeological modelling of the 
immediate vicinity of the SG, (2) a sufficiently accurate local hydrogeological 
model of the study site, and (3) the knowledge of the phase shifts of the 
components of the gravity effect. In this connection the variation in the local 
groundwater storage in the fractures in the bedrock of the study area was also 
investigated and recognized as a significant gravity source because of its 
favourable location.  

1.2 Articles in this thesis 

 
 

Figure 1. Variation in the porosity of the bedrock within the range of GW-level variations and 
water flow in the fractures above the GW table with respect to the surface of the ground and the 
SG. 

In the first article, ‘On the Hydrogeological Noise in Superconducting 
Gravimeter Data’ (Hokkanen et al., 2007a), the interrelationships between 
precipitation, the level of the GW table, and gravity were investigated. The 
positive correlation between the precipitation and the level of the GW table was 
found to occur with a time delay. Two different origins were identified for the 
observed time delay. The first one is the delay of 80-130 h in the rainwater flows 
from the surrounding local hills to the observation point close to the gravity 
station. The second one is the time duration before the groundwater level is 
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equal in both the soil and the bedrock as a result of the difference in the flow 
rate between the soil and the bedrock. At this stage of the study aeromagnetic 
data (Article II, Fig. 6), as well as a digital elevation model of an area 2.5×2.5 
km2 (Article II, Fig. 5), were used. In this article, only the long-term effects 
between precipitation, groundwater, and gravity residuals (i.e. the gravity 
component after the chosen reductions and corrections) were dealt with. 

In the second article, ‘Effects of the Fracture Water of Bedrock on 
Superconducting Gravimeter Data’ (Hokkanen et al., 2007b), a model of the 
fracture network was developed for calculating the gravity effect of changes in 
the water mass in the fractures in the bedrock (Fig. 1). Ground Penetrating 
Radar (GPR) measurements were conducted with four different frequencies and 
structural geological investigations were performed to determine the location 
and the quality (thickness, filling material, etc.) of the fractures exactly. Since 
the proper GPR signal was not received below the gravity station we had to 
content ourselves with a theoretical approach and interpolate fractures beneath 
the station. Nevertheless, the range was gained for the gravity effect induced by 
the water that infiltrated into the fractures in the bedrock. In this article it is 
also shown that the changing water mass in the fracture network of the outcrop 
cannot alone explain the short-term effects observed in the gravity, 
simultaneously with the precipitation. 

The third article, ‘Hydrogeological Effects on Superconducting Gravimeter 
Measurements at Metsähovi in Finland’ (Hokkanen et al., 2006), the gravity 
effect of the water flowing in the fractures above the groundwater table was 
investigated, as well as the gravity effect of the changing mass of the soil 
moisture. Moreover, another goal of the article was to estimate the validity of 
the single constant coefficient used for the correction of the rise in the 
groundwater below the gravity sensor. Since the exact volume information (i.e. 
the density and aperture) of the fractures below the gravity station was not 
available, the gravity effect was modelled by varying the porosity of the bedrock 
(Fig. 1). At this stage of the investigations it was understood that we needed 
more data and more sophisticated models to control all the hydrogeological 
factors influencing gravity. 

The fourth and final article, ‘Local hydrological effects on gravity at 
Metsähovi, Finland: implications for comparing observations by the 
superconducting gravimeter with global hydrological models and with 
GRACE’ (Mäkinen et al., 2014), was written six years later than the previous 
articles after extensive studies. More than 100 soil samples were taken and 
analyzed, about 3800 height points of the surface of the study area were defined, 
and 11 piezometers and some 50 soil moisture sensors were installed to develop 
a 3D structural geological model of the study site and collect long-term series of 
hydrogeological data from the soils and bedrock. The gravity effect of the mass 
of snow covering was also considered, but it was contributed by other writers. 
All the hydrogeological information was gathered together and two initial local 
time-lapse hydrogeological models were constructed. Their gravity effects, 
along with the gravity effects of global hydrological models (GLDAS by Rodell 
et al., 2004 and ERA Interim by Dee et al., 2011), were tested together and 
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separately against SG recordings. The local hydrological gravity effect was 
reduced from the global one, and the global hydrological gravity effect was 
removed from the gravity recordings to get a better explanation of the behaviour 
of g. 

Taken together, these four articles and the synopsis comprise a 
comprehensive presentation of the hydrogeological sources and phenomena 
affecting the gravity, an initial time-lapse hydrogeological model, and a 
conceptual platform to develop a state-of-the-art 4D hydrogeological model not 
only to serve new aspects of the modeling of local, regional, and global gravity 
but also to act as an option to eliminate the influence of hydrogeological sources 
and phenomena masking weaker sources of gravity. As a result of these studies, 
it has also been shown that as a result of the geometry of the local water storage, 
its gravity effect is only a fraction of the influence of the corresponding Bouguer 
sheet (e.g. the water mass change is treated as the change in the thickness of an 
infinitely extended plate), i.e. the mass of soil water and groundwater is 
unevenly located in the study area, resulting in a relatively weak gravity effect 
considering the relatively large water mass in the study area. The results also 
emphasize the significance of the accurate modelling of the immediate vicinity 
of the SG and local hydrogeology, as well as the knowledge of the phasing of 
different gravity components. This all leads us also to the conclusion that 
without accurate enough determination of the local hydrogeological gravity 
sources SG recordings are difficult, if not impossible, to use for the validation of 
the GRACE (Gravity Recovery And Climate Experiment) solutions suggested by 
some authors (e.g. Abe et al., 2012; Crossley et al., 2012; Neumeyer et al., 2006 
and 2008; Weise et al., 2009). Moreover, the gravity effect induced from the 
immediate vicinity of the gravity sensor (a few metres below the sensor) should 
be studied separately from the effect induced from the local scale since its 
relative impact to the gravity is the biggest one. 

After these studies, the behavior of g is better known, as is the significance of 
its modelling factors, providing a steadier platform for the further development 
of hydrogeological models of g.  
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2. Theoretical framework 

2.1 Elementary concepts of investigations of gravity 

Newton’s law of universal attraction tells us that that every point mass in the 
universe attracts every other point mass with a force that is directly 
proportional to the product of their masses and inversely proportional to the 
square of the distance between them. This is gravitation. Gravity is the vector 
sum of the attraction of all the masses of the Earth and the centrifugal force of 
the Earth’s rotation. Gravity is proportional to the mass of the body on which it 
is acting and therefore the gravity field is usually described in terms of the 
acceleration of gravity (acceleration of free fall) g, which does not depend on 
the attracted mass. Usually, the “acceleration” is dropped and both the vector 
quantity g and its length |g|=g are simply called gravity. As the direction of g 
defines the vertical, g is also the vertical component of g.  

A gravity field can be described by its components. Typically, three orthogonal 
components (one vertical and two horizontal components) are defined or one 
axial and two perpendicular components with respect to the axial component. 
The vertical component of the gravity field usually approximates the normal of 
the surface of an ellipsoid illustrating the gravity field of the Earth. The gravity 
affecting every single point of the universe is illustrated by the gravity field 
vector having strength and direction. The range of the gravity force is huge, 
depending on the mass and distance of its sources, according to Newton’s law.  

The gravitational potential at a certain point is equal to the work per unit mass 
that would be needed to move the object from a reference point to the observing 
point. 

The loading effect is a term referring to the gravity and deformation effects of 
a surface load on the Earth (e.g. variation in atmospheric pressure, in sea level, 
or in continental water storage). For gravity observed at a point fixed to the 
Earth’s crust there are three kinds of changes in gravity: (1) the direct attraction 
of the loading mass, (2) the effect of vertical deformation as the observation 
point moves through the gravity field of the Earth, and (3) the change in the 
gravity field of the Earth as a result of the deformation. Depending on the 
circumstances, all three or only (2) and (3) are denoted as “loading effects”. 
Local masses such as the variation in water storage in our test field, considered 
in isolation, do not cause deformation effects but the continent-wide water 
storage of which it is a part obviously does.  

In this thesis the adjectives local, regional, continental, and global are 
frequently used both to describe the extension of the masses and the area on 
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which gravity effects are considered “Local” typically means a maximum of 
some kilometres, “regional” a few hundred kilometres, “continental” thousands 
of kilometres, and “global” covers the whole Earth. Moreover, in this thesis the 
significance of a very small volume just beneath the gravity sensor has been 
shown. It is referred to as the immediate vicinity of the gravity sensor, ranging 
to a maximum of some tens of metres (or even a few metres), depending on the 
application.  

In this thesis, the terms ‘hydrology’ and ‘hydrological’ are reserved for the 
conventional hydrological models describing water movement in the 
subsurface. Typically, those models consist of sources (e.g. inflow and 
precipitation) and sinks (e.g. discharge and evapotranspiration), but the 
medium the water is flowing in is not specified. Moreover, these models are not 
usually validated by any independent factors. On the contrary, the terms 
‘hydrogeology’ and ‘hydrogeological’ refer to the hydrological models with 
known media, i.e. to the soil and bedrock whose characteristics are known. 
These models are often also validated by some independent parameter such as 
g. 

The Bouguer plate is an infinite horizontal sheet with a certain thickness and 
constant density. Its gravity effect depends only on the thickness and the density 
of the sheet, not on the elevation of the observation point above the sheet. 

2.2 Interaction between investigations of gravimetry and 
hydrology  

From the beginning, the role of hydrology in gravimetry has had two aspects: 
noise and signal. It seems that geodesists, interested in investigating other 
sources of variation in gravity, initially considered the hydrological gravity 
effects to be more noise than a useful signal (Bonatz, 1967). At the same time 
applied geophysicists saw large gravity effects as an opportunity to study 
hydrology with gravimetry (e.g. Hunt, 1970). Bonatz even questioned 
polemically whether the development of more accurate gravimeters for geodetic 
applications would be useful, since the large gravity noise caused by variations 
in the soil moisture is difficult to control. At this time, observations of changes 
in gravity had already been applied for a long time in hydrology. Hunt (1970) 
described the use of repeated gravity surveys (since the 1950s) to determine the 
net mass loss from, and the amount of recharge of water at, the production zone 
of the Wairakei geothermal field in New Zealand. 

Geodesists were well aware of hydrological noise as a potential error source in 
high-precision gravimetry and tried to construct their experiments in order to 
minimize the hydrological effects, e.g. through the choice of station and of the 
observing season (Kiviniemi, 1974). An early example of actual corrections to 
gravity on the basis of auxiliary hydrological observations is the work by Elstner 
and Kautzleben (1982), who used soil moisture data to correct high-precision 
relative gravity measurements performed for investigating crustal motion. 
Mäkinen and Tattari (1991) used relative gravimeters to demonstrate the 
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variation in gravity caused by subsurface water in a special test field where 
groundwater and soil moisture measurements were available for modelling. 

For tidal spring gravimeters hydrology was neither a signal nor a significant 
noise source, as hydrological signals were absorbed by modelling the drift, 
which was stable for a maximum of a couple of weeks. Thus, only occasional 
extreme events were observable. 

The development of SGs in the 1970s brought an orders-of-magnitude 
improvement in the continuous recording of variations in gravity, compared 
with spring gravimeters. For hydrological applications, the stability of the long-
term drift (long-period accuracy) was even more important than the 
improvement of accuracy in the tidal frequency band, as hydrological signals are 
mainly seasonal. Initially, most SG/hydrological studies concentrated on 
finding the correlations between gravity residuals and hydrological and 
meteorological indicators. The modelling was then performed statistically using 
the gravity residuals and indicators such as the water table (e.g. Crossley et al., 
1998; Virtanen, 2001; Kroner, 2001; Harnisch and Harnisch, 2002) or 
precipitation (Imanishi et al., 2006) or a combination of hydrological and 
meteorological parameters (Bower and Courtier, 1998; Hokkanen et al., 2004; 
Harnisch and Harnisch, 2006). In statistical modelling the geometrical 
distribution of the water does not necessarily enter in an explicit fashion, but 
typically the results were interpreted in terms of the attraction of a Bouguer 
plate (Peter et al., 1995; Bower and Courtier, 1998).  

The drawback of statistical investigations is that in the coefficients the gravity 
effects of individual hydrological phenomena are lumped together with others 
at the same wavelength, making it practically impossible to separate the 
different factors. In fact, some authors were conscious of this; e.g. Virtanen 
(2001) pointed out that the admittance of the groundwater level to the SG record 
at Metsähovi would imply a physically unacceptable porosity of 7% for the 
bedrock, and this meant that the local soil moisture and even sources further 
away made a contribution. What was not generally understood at the time was 
that the contribution of the loading by continental water storage to the observed 
gravity was typically in phase with the local indicators (Virtanen et al., 2006) 
and thus the “local” regression coefficients would account for “global” 
phenomena as well.  

Given the shortcomings of the statistical models, many research groups have 
developed physically-based models where hydrological and meteorological 
parameters are observed, and both the hydrogeological properties of the soil 
and rock and the spatial distribution are considered (van Camp et al., 2006; 
Hasan et al., 2006; Creutzfeldt et al., 2008, 2010; Longuevergne et al., 2009; 
Naujoks et al., 2010; Article IV). Under physical modelling, one can further 
distinguish two degrees of complexity. One can attempt to approximate the 
water quantity and distribution directly on the basis of the observed point values 
of hydrological parameters such as the soil moisture content and groundwater 
level, generalized to the local area using hydrogeological information 
(Creutzfeldt et al., 2008, 2010; Article IV) or one can run a catchment model, 
based on the hydrogeological characteristics of the site and observed or 



 

21 

modelled inputs and outputs such as inflow, precipitation, evapotranspiration, 
and runoff, controlled by observations of predicted parameters (Hasan et al., 
2006; Naujoks et al., 2010). In either case, the challenging task is to characterize 
the hydrogeological conditions in the vicinity of the gravity station accurately 
enough. 

In the early history of SG studies, only the local hydrology around the station 
was considered. However, Van Dam et al. (2001) pointed out that the loading 
effect of regional hydrology on the observed gravity may be quite large, both 
through direct attraction and elastic deformation. They used Green’s function 
formalism by Farrell (1972). This brought out the need to account for regional 
and global hydrology in all comparisons of observed gravity with local 
modelling, whatever the modelling methodology used. 

So far, only point measurements of variation in gravity have been discussed. 
A greater impact on hydrology has been provided by satellite gravity 
measurements of regional variation in gravity. The twin GRACE (Gravity 
Recovery And Climate Experiment) satellites were launched in March 2002 and 
the mission is still continuing (March 2016). Fundamentally, it detects variation 
in mass. Its accuracy depends on the latitude and the size of the radius for which 
the data is smoothed. According to Wahr et al. (2006), the uncertainties of the 
GRACE mass variation, equivalent to mm of water thickness, decrease as the 
radius of the smoothing area increases, reducing from 38 mm at 500 km to 15 
mm at 1000 km, for Gaussian averages and averaged over all 22 months. The 
errors are smaller near the poles (8 mm) than at low latitudes (25-27 mm), 
apparently as a result of the denser ground track coverage near the poles (Wahr 
et al., 2006). Thus, the GRACE solutions have had a strong impact on the work 
of oceanographers, glaciologists, hydrologists, geologists, and geophysicists 
whose studies are somehow linked to material flow. The GRACE data has been 
extensively used in hydrological modelling. It has provided independent 
verification for models of continental water storage (e.g. Gunther, 2008), been 
assimilated into such models (e.g. Eicker et al., 2014), and in some cases it has 
supplied the only information on phenomena such as the extensive withdrawal 
of groundwater for irrigation purposes (Rodell et al., 2009). 

GRACE samples the regional variation in mass, while for the SG the attraction 
of the mass in the vicinity of the sensor (within some hundreds of metres or 
kilometres, depending on the topography) dominates, and the regional mass 
mainly enters through the load deformation effect. Whether useful insights into 
the GRACE data can be gained through comparisons with variations in gravity 
as recorded by SGs is currently a subject of intensive research and debate (e.g. 
Abe et al., 2012; Crossley et al., 2012; Van Camp et al., 2014). Whatever the 
approach is, it is fairly obvious that the gravity effect of the local hydrology must 
be separately accounted for, as there is no general way that it can be deduced 
from the regional gravity. 

In recent years, a lot of effort has been put into characterizing the hydrology 
in the vicinity of SG stations and constructing correction models for the local 
gravity effect (e.g. Creutzfeldt et al., 2008, 2010; Deville et al., 2013; Lampitelli 
and Francis, 2010; Longuevergne et al., 2009; Meurers et al., 2007; Naujoks et 
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al., 2010; Van Camp et al., 2006). However, even if some common features and 
rules have been found, it seems that more knowledge is still needed to construct 
an accurate local hydrogeological model in order to model its contribution to 
gravity. Soil types, topography, and climate vary between the stations, leaving 
the modelling extremely site specific.  

The SG sites became targets for hydrological modelling, not because their 
hydrology was particularly interesting, but because of the SG installation itself, 
for which one criterion of site choice was often precisely to try to avoid large 
hydrological signals (at least, in the case of Metsähovi it was). The reverse 
approach, to use precision gravimetry as a hydrological tool at sites with 
inherent hydrological interest, is still rare, obviously because of the high cost of 
the instrumentation. For recent applications, see Wilson et al. (2011) in the US 
with SGs and the work on karsts in France with AGs (Jakob et al., 2008). 

2.3 Superconducting gravimeter  

Gravimeters are designed to measure slow variations in gravitational force or 
acceleration with a low noise level. Superconducting gravimeters (SGs) have an 
exceptionally low drift in comparison to conventional gravimeters. For periodic 
signals, the SG provides uniquely low noise from periods of a few thousand 
seconds to the monthly and annual solid earth tides, in which cases the 
amplitudes of gravity records at the various frequencies can be within 10-3 gal 
( = 10-12 g). For single-shot events such as steps the detection threshold is, 
conservatively, about 100 ngal. 

Modern relative gravimeters use the equivalent of a mass on a spring, which 
provides an upward force equal to the time averaged value of the downward 
force of gravity. In a superconducting gravimeter, the mechanical spring is 
replaced by the magnetic levitation of a superconducting sphere in the field of 
superconducting, persistent current coils. The measurement principle is based 
on the compensation current used to stabilize the location of a levitating sphere 
by a magnetic field (Prothero and Goodkind, 1968), the compensation current 
being proportional to changes in the gravity field. So, the aim is to keep the 
levitating sphere in a fixed NULL position. The structure of an SG is shown in 
Figure 2. 

The key elements of an SG are a superconductive hollow Nb sphere levitating 
on a magnetic force generated by the electric current in the superconductive 
coils. The whole system is shielded from thermal changes and electromagnetic 
induction. Accurate measuring of the gravity field is based on the monitoring of 
the varying compensation current in feedback coils which is needed to restore 
the levitating sphere to its desired position in the varying gravity field. This 
means that a stronger compensation current is demanded in a strong gravity 
field to restore the NULL position of the sphere. Huge stability has been 
achieved by the persistent superconductive current in coils (Goodkind, 1999).  

An SG is a non-portable, accurately levelled device measuring the vertical 
component of the gravity field relatively (not absolutely). To reduce the noise 
level, the superconducting gravimeter station at Metsähovi is established on 
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stable Precambrian granite bedrock; the gravimeter itself is housed in an 
isothermal room (23±0.2°C) in the inner part of the station building. The 
surrounding area is located in a rural area where there is no heavy industry or 
transportation causing vibrations on the surface of the Earth. 

 
Figure 2. Diagram of the cryogenic portion of a superconducting gravimeter (Goodkind, 1999). 

2.4 Theoretical approach of this thesis  

This thesis summarizes the work on the identification and characterization of 
the local hydrogeological sources of variation in gravity and related phenomena 
at Metsähovi, the construction of a first physically-based time-lapse 
hydrogeological model to predict the variation in g, and a comparison with the 
measured g. The first essential task is to distinguish the different sources of the 
measured g and the phenomena influencing it, as well as to estimate their 
relative strength and characterization. Second, a sufficient number of local 
hydrological observations, such as the groundwater level and soil moisture 
content, must be performed. It is also essential to find out the structure of the 
soils and bedrock in order to deduce from the point observations the associated 
variation in mass and its distribution in such a way that the variation in gravity 
can be computed. Thus, major efforts were made to study the local geology and 
hydrology in enough detail. After the modelling has been performed, the 
predicted variation in gravity is compared with the residual of the observed 
variation in gravity and the success assessed. 

In the first stage of the studies the local hydrogeological sources at Metsähovi 
were identified and characterized. The porosity and the continuity of the 
fractures in the bedrock were investigated by GPR to determine the gravity 
sources induced by moving water in fractures in the bedrock (Article II). The 
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interaction between precipitation, the groundwater level, and the SG data was 
investigated, with consideration being given to the topography of the study area 
and the surface of the bedrock to identify and characterize the gravity sources 
induced by differences in the flow rate between the soil and the bedrock (Article 
I). The gravity effect of the surface and soil water was investigated by placing a 
synthetic amount of water in the study area (Article III) and performing the 
ranging of its gravity effect. The ranging of the gravity effects was necessary to 
find out their relative strengths and to get a reference for the gravity effects 
induced by further time-lapse hydrogeological models that were to be 
developed. After these studies, the significance of accounting for the surface 
water, soil moisture, and the fractures in the bedrock in the study area was 
understood. As a consequence, a large soil sampling project was launched and 
around 50 soil moisture sensors in 10 arrays and 11 piezometers were installed 
in the study area. The geological data that was collected was applied to construct 
a 3D structural geological model of the area. 

In the second stage of the studies (Article IV), a time-lapse hydrogeological 
model was constructed on the basis of the field observations (groundwater and 
soil moisture data) and the 3D structural model. The gravity effect calculated by 
the time-lapse local hydrogeological model was evaluated by comparing it with 
the measured g. For this comparison, the gravity contribution of the global and 
regional hydrology was calculated from the global hydrology models Global 
Land Data Assimilation System (GLDAS) (Rodell et al., 2004) and ERA Interim 
(Dee et al., 2011) in order to remove the global and regional gravity effects from 
the measured g. After the removal, the residual of the measured g should consist 
of the gravity effect of the local hydrology and other possible sources of gravity 
variation.  

At this stage (Article IV) the contribution of the local hydrological sources to 
the gravity at the SG site was also assessed by comparing them with the gravity 
generated by the corresponding Bouguer plates, i.e. Bouguer plates containing 
the same water storage in the study area but in plate geometry. This was done 
in order to emphasize the significance of the detailed water distribution (and 
not only the variation in storage) for the pointwise gravity observations of the 
SG, as opposed to the regional gravity observations of GRACE. This is highly 
relevant when GRACE measurements are compared with the SG data. 
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3. Materials and methods 

3.1 Description of research site 

The research site (60°13.1′N, 24°23.7′E) is located at the Metsähovi Research 
Station of the FGI near the village of Kylmälä in Kirkkonummi, Southern 
Finland, approximately 32 km east of Helsinki and about 15 km from the coast 
of the Gulf of Finland (Fig. 3). The surroundings represent a typical geological 
environment in Finland, with an undulating granite bedrock surface covered by 
Quaternary till, silt, clay, and peat. The Research Station houses a wide array of 
geodetic and geophysical observation equipment. The location was chosen to be 
in a quiet rural area far away from man-made disturbances, such as industry or 
highways causing vibrations. 

 

Figure 3. The location of Metsähovi in Southern Finland. 

Since 1994 the SG (T020) has been operated in a special building of the 
gravimetry laboratory (Fig. 4) established directly on the crystalline bedrock on 
a small local hill. The T020 is of the TT70 type (Hinderer et al., 2007). Its 
original installation and subsequent developments are described in detail by 
Virtanen (2006). In January 2014 a second SG, a twin-sphere OSG074, was 
installed in the same room, but its data has not used in this thesis except when 
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showing the relevance of ranging for the hydrological gravity effect in the 
vicinity of the SG (T020) (4.2, 4.3, and 4.5.1). 

 

Figure 4. The gravity laboratory at Metsähovi with the positions of the SGs (T020 and OSG073). 
The size of the building is about 11×10 m2. 

3.1.1 Bedrock 

Metsähovi is located in the Proterozoic Svecofennian bedrock domain, which 
consists of intrusions (mainly granitic in composition), schists, and gneisses 
(~1,880 Ma). The main rock type is heterogeneous plutonic microcline granite 
that contains schist inclusions (Laitala, 1961). At the observatory site, the rocks 
are porphyritic granodiorite (Fig. 5). 

Re-crystallized bedrock has very low porosity and permeability. On the 
evidence of published research and reviews, the porosity of the bedrock 
(essentially fracturing porosity) is characteristically less than 2 percent in 
Southern Finland (Leveinen, 2001; Salonen et al., 2002; Mälkki, 2003), and the 
hydraulic conductivity ranges from 10-6 to 10-8 ms-1 (Ahlbom et al., 1991).  

The fracturing of the bedrock at the Metsähovi site is mainly nearly vertical or 
horizontal, as was shown by 75 observations (Article II). The fracturing divides 
the rock into irregular blocks with a size of a few metres. The fractures can be 
very complex, consisting of clusters of narrow fractures, single fractures, and/or 
even open fractures on the surface of the bedrock where the openings can be as 
much as 2-3 cm wide (Fig. 5). The behaviour of the groundwater and water in 
the fractures in the bedrock above the groundwater table is defined by the 
degree of fracturing. 
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Figure 5. Open fracture on the surface of the granodiorite bedrock near the gravity station. 

3.1.2 Soil 

Glaciation has scraped off the weathered top surface of the bedrock, revealing 
well-polished outcrops of crystalline bedrock. The lowermost soils comprise 0-
2 m thick sandy tills with a mean thickness of 0.8 m. The tills are overlain by 
glaciomarine silt and clay. On the basis of their elevation 50 m above sea level, 
they probably represent the Yoldia Sea and Ancylus Lake stages of the Baltic Sea 
basin and have been uplifted to their present altitude by ongoing glacial 
rebound. Because of changes in the sea level coastal forces have been able to 
rework the tills and erode the fine soils, leaving thin discontinuous sand and silt 
layers on the slopes of the hills.  

3.1.3 Topography 

The topography of the study site (200×200 m2 square) is below the SG sensor 
everywhere (Fig. 6). The first detailed mapping of the area was performed with 
a tachymeter (Huttunen, 2000) in connection with the mapping of the elevation 
of the bedrock. Its grid size was 5×5 m2 in the inner 100×100 m2 square and 
10×10 m2 in the outer parts. In 2009 3854 additional points were mapped by 
VRS-RTK-GPS (Virtual Reference Station-Real Time Kinematic-Global 
Position System) methods (Fig. 6). 
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Figure 6. Topography of the N60 height system around the gravity station (Gerrits, 2010). The 
SG sensor is located at a height of 55.60 m. 

The thickness of the overburden was determined by a high-precision 
gravimetric survey with a 10×10 m2 grid. The existing outcrops of bedrock and 
additional drillings provided reference points for the estimated overburden 
thickness on the basis of the inverted gravity data (Elo, 2001 and 2006). The 
bedrock depths from drillings in connection with soil sampling were later 
incorporated, applying an interpolation scheme without updating the inversion 
(Gerrits, 2010). The resulting bedrock topography is shown in Figure 7. 
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Figure 7. The topography of the bedrock and its altitude in the N60 height system. The delineated 
square (black line) approximates the area where groundwater fluctuation takes place solely in the 
bedrock in the vicinity of the gravity station. 

3.1.4 Vegetation 

The vegetation of the study site has changed crucially during the time the SG 
has been in operation. In 1994, the gravity station was in the middle of a mature 
stand of Norway spruce and Scots pine. In 2002 the forest was cut down, leaving 
only a few pines close to the station (Fig. 8). Since this was more than ten years 
ago, many small trees up to five metres in height have grown (Fig. 8). The 
differences in the sizes and species of the trees and undergrowth have had a 
strong effect on the infiltration and evapotranspiration at the site. Since a major 
part of the work and data applied in this thesis was performed after the clear-
cutting and it has not been possible to assess the impact of the trees on the 
hydrological balance. Thus, only the time after the clear-cutting has been taken 
into account in the gravity modelling. 

The hydrological conditions also change seasonally with the flora. In summer, 
grass and other plants grow tall and the leaves of trees and shrubbery cause 
dense foliage locally in the area. 
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Figure 8. Above the Metsähovi gravity station and its surroundings in spring 2010, taken in a 
westerly direction, view angle ± 75º (Gerrits, 2010). Below, the same place in autumn 2013. 

3.1.5 Climate 

Because of the Gulf Stream the Finnish climate is relatively warm and humid, 
considering the northern position of Finland. Southern Finland has a boreal 
climate (Liski et al., 1995) with four distinct seasons which have a significant 
effect on the hydraulic conditions. The mean monthly temperatures and 
precipitations (from 1981 to 2010) of the Lohja-Porla and Helsinki-Vantaa 
observation stations, 18 km west and 33 km east of Metsähovi respectively, are 
plotted in Figure 9 (Pirinen et al., 2012). 
 

 
Figure 9. The mean monthly temperatures and precipitations (from 1981 to 2010) at the Lohja-
Porla and Helsinki-Vantaa observation stations, 18 km west, and 33 km east of Metsähovi, 
respectively. 

In Southern Finland, the thermal winter usually starts either during December 
or January, freezing the ground, and ends in March or April. The thickness of 
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the snow cover and the depth of the ground frost vary markedly between 
winters (Korhonen et al., 2012). Normally, subsurface water storage remains 
stable during wintertime. 

The snow and frost at Metsähovi usually melt by the end of April. Infiltration 
and/or the runoff conditions of the meltwater depend heavily on the relative 
timing of the snowmelt and frost melt. Moreover, some portion of the 
meltwater is evaporated, as well as some being absorbed by the vegetation 
when it is growing and forming leaves (Kuusisto, 1984). This all causes a slight 
decrease in the groundwater level. 

Summer lasts around three months (June-August) and is relatively warm and 
wet (Fig. 9) as a result of its semi-continental character. However, since the 
evapotranspiration is greater than the infiltration, the subsurface water 
storage is reduced (Sarkola et al., 2013). 

3.2 Data characterization 

3.2.1 Characterization of superconducting gravimeter data 

Before the SG observations can be exploited, the gravity record must be 
corrected for several phenomena. 

The gravity data is sampled at 1 Hz and then low-pass filtered to 1-minute 
values. The next step is to correct it with a local tidal model of 44 wave groups 
including both global ocean tide loading and the tidal loading by the Baltic Sea 
(Virtanen, 2004). The effect of polar motion is removed by applying the 
International Earth Rotation and Reference System Service (IERS) reference 
pole with an amplitude factor of 1.16. The non-tidal loading by the Baltic Sea is 
corrected by applying the tide gauge at Helsinki and the single admittance +28 
nms-2 for 1 m of sea level. Atmospheric pressure is corrected by the local air 
pressure and the single admittance (–3.10 nms–2/hPa) defined by regression 
(Virtanen, 2004). An improved correction (only in Article I) was made by 
applying the regional atmospheric data of the High Resolution Limited Area 
Model (HIRLAM) (Cats and Wolters, 1996), provided by the Finnish 
Meteorological Institute. The grid used extends up to a distance of 5°-10°, with 
a spacing of 44 km. 

The last stage is to remove spikes, offsets, the effects of big earthquakes, and 
non-gravity effects, as well as to eliminate both instrumental drift and secular 
gravity change. The secular gravity change is about –10 nms–2/year according 
to the collocated absolute gravimeter record (JILAg-5 and FG5-221) and is 
thought to be due to postglacial rebound. This leaves an instrumental drift of 
about +30 nms–2/year. 

3.2.2 Characteristics of precipitation data 

Precipitation was recorded with a sampling frequency of 1 Hz, but the data is 
resampled to 10-second, 1-, 5-, 10-minute, or 1-hour data, depending on the 
application. 
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3.2.3 Characteristics of groundwater level data 

The groundwater table has been monitored in many stages with 15 piezometers 
altogether. From November 1994 to March 1999, at the observation point BH1 
(Fig. 10) in the bedrock, next to the gravity station the groundwater level was 
measured manually once or twice a week, and since March 1999 by a piezometer 
with a 0.1-Hz sampling frequency. In May 2007 groundwater level recordings 
started next to the main building in the borehole well BH2 (Fig. 10) in the 
bedrock, with a 0.1-Hz sampling frequency. From October 1999 to October 2001 
the groundwater level was also monitored in a wet silt formation some 70 m east 
of the gravity station (Article I). 

In March 2009, 10 access tubes were installed into soils down to the bedrock 
surface at a depth of 1-5 m. The perforated section in the access tubes is only 0.2 
m long, just above the bedrock in the ground till. Altogether, there are 10 active 
piezometers in the soil and two in the bedrock. 

3.2.4 Characteristics of soil moisture level data 

Two TDR (Time Domain Reflectometry) loggers with two probes each were 
installed in 2006 in the sandy till slope south of the gravity station by the 
Finnish Environment Institute (Article IV). Because of the heterogeneity of the 
soil more sensors were needed to get an understanding of water retention and 
movement in different soil types and layers. 

Altogether, 10 data loggers with 50 capacitive soil moisture sensors (Fig. 10) 
made by Decagon Ltd. were installed in September-December 2008 (Fig. 10) 
Two different types of sensors were installed, of which EC-5 measures only the 
soil moisture content, whereas TE5 measures the soil moisture content, the 
temperature, and the electrical conductivity of the soil. Both types measure the 
change in the capacitance of the soil as a result of the change in the soil moisture 
content. The sensors are mostly spread horizontally around the loggers over an 
area of a few metres at depths of 10-60 cm below the surface. But in three spots 
(L6395, L6396, and L6397 in Fig. 10), five sensors in each are set vertically up 
to a depth of 95 cm for monitoring vertical soil moisture movements. 

The sensor calibration by the manufacturer was inadequate for silt or clayey 
silt soils. Therefore the sensors were re-calibrated by us in 2013 before their data 
was applied in article IV.  

3.2.5 Characterization of ground penetrating radar data 

The purpose of the GPR survey was to locate bedrock fractures in the immediate 
vicinity of the gravity SG sensor (Article II). A survey area of 22×22 m2 around 
the station was measured with a grid with 1 m line spacing, both parallel and 
perpendicular with respect to the gravity station. For some reason the concrete 
floor of the station damped the GPR signals, resulting in unclear responses. 
Therefore, the lines inside the building were rejected and only the 
measurements outside the building were interpreted. 

The equipment used for the survey consisted of a laptop PC, a RAMAC/GPR 
CUII control unit with 100, 250, 500 and 800 MHz shielded RAMAC/GPR 
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surface antennae, and a trigger wheel. The measuring parameters, sampling 
frequency, the size of the time window, and the stack size were set to be 
appropriate for the frequencies that were applied (more details in Article II). 

Before interpretation, the GPR data was processed by shifting the first arrivals 
of the radar signal to the origin of the time axis, removing background noise and 
the DC component, and enhancing and equalizing the amplitude distribution of 
a trace by means of an AGC filter. The final interpretation was performed by the 
value of 5 as a dielectric constant of granitic bedrock corresponding to a signal 
speed of 0.134 m/ns (e.g. Hubbard et al., 1997). 

3.2.6 Characterization of soil samples 

Two extensive geotechnical sampling campaigns were conducted to gain 
knowledge of the hydrological properties of the soil at Metsähovi. During the 
first campaign in 2008, altogether 38 soil samples were collected from the 
places where the soil moisture sensors were installed. Systematic soil sampling 
of the study area with a 20-m grid was performed during the second campaign 
in the summer of 2009. In addition, five undisturbed samples were taken by a 
thin wall stationary sampler (also called a Norwegian sampler) with a diameter 
of 55 mm to find out the stratigraphy of the silt layers. Even after these two 
campaigns, tens of samples were taken for various reasons. The depth of the 
manually taken samples ranges from 10 to 120 cm. All the soil samples were 
sieved to determine the particle size distribution. Most of them were also 
analyzed with a variety of geotechnical methods such as grain size distribution.  

3.3 Hydrogeological setting at Metsähovi 

Precipitation, GW, soil moisture, and geotechnical and geological data were 
collected in order to gain knowledge about the hydrogeological conditions of 
Metsähovi. This information is essential for the evaluation of their gravity effect. 
Therefore, hundreds of working hours were invested in an office and in the field 
over many years to collect enough data and construct a sufficiently accurate 
picture of the hydrogeological properties of Metsähovi. 

3.3.1 Soil map of Metsähovi 

As a result of the soil mapping (more details in 3.2.6) of the study area, a detailed 
soil map was produced (Fig 10). According to the mapping, the uppermost 1-m 
layer consists of sandy till, silt, a mixed formation of sand, silt, and clay, and 
clay layers, and almost half of the study area is defined as bedrock (with a soil 
layer less than 10 cm) (Fig 10).  
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Figure 10. Soil map of Metsähovi with the positions of the shovel sampling points (squares), soil 
moisture loggers (triangles), GW wells in soils (two circles superimposed on one another), GW 
wells in the bedrock (polygon), drilling points (two nested circles), two houses (black rectangles, 
SG in the centre one), and a road (black line).  

3.3.2 Hydraulic characteristics of soils at Metsähovi 

The hydrological properties of the mapped soils varied within a large range. 
According to the SLUG tests, the hydraulic conductivity of sandy till ranges from 
1.2 * 10-5 to 1.9 * 10-7 m/s (tubes 7 and 9 in Table 1) interpreted by the Hvorslev 
method (Hvorslev, 1951). Even if only a few measuring points were analyzed, 
the results agree well with earlier studies of similar deposits. For instance, 
according to Mälkki (2003), the hydraulic conductivities of washed sandy till 
commonly range from 10-5 to 10-7 m/s. 

The SLUG tests at Metsähovi support those findings. The results suggest that 
K ranges from 1.1 * 10-6 (m/s) to 8.3 * 10-8 (m/s) (tubes 4, 5, 6, and 14 in Table 
1), even if all the wells are in the same silt formation (Fig. 10). According to Olsen 
et al. (1981), the hydraulic conductivity of silt can vary within a large range. At 
Metsähovi, this is due to the narrow sand layers that are also found in the silt, 
increasing its hydraulic conductivity. Moreover, the samples taken with the 
Norwegian sampler pointed out water-channelling voids in the silt layers. Their 
origin is most probably frost action (Andersland and Barko, 1994). 

BH2 

BH1 
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Observation well K (m/s) [Hvorslev] 
4 8.1 * 10-8 
5 1.6 * 10-6 
6 1.1 * 10-6 
7 1.9 * 10-7 
9 1.2 * 10-5 
14 8.3 * 10-8 

 

Table 1. Hydraulic conductivity (K) values of four groundwater tubes in a silt layer (tubes 4, 5, 6, 
and 14 in Fig. 10) and on the sandy till slope of Metsähovi (tubes 7 and 9 in Fig. 10). 

Many hydrological investigations (e.g. Warsta et al., 2013 and Turunen et al., 
2013) close to Metsähovi have also shown the significance of macro pores, i.e. 
pores made by worms and growing roots in the uppermost 30 cm of the silt and 
clay layers. The number of macro pores plays a key role in increasing the 
infiltration capacity of the soil. These findings are only a few kilometres away 
from Metsähovi and from a similar silt or clayish silt formation. 

The observations of the relatively conductive silt sections of the soil samples 
that were taken are undisputed, but their origin remains obscure. They can 
represent sandy intersections or interlayers or erosion channels in silt 
formations, macro pores, or sand-filled voids generated by frost action.  

3.3.3 Surface run-off and water migration in soils at Metsähovi 

The small local hills are either totally covered by a thin layer of sandy till or their 
top is outcropping. Because of the high hydraulic conductivity of the sandy till 
in comparison to that of the poorly fractured bedrock (where there is a lack of 
large vertical fractures), a major part of the water migration takes place in the 
sandy till. The time domain reflectometer (TDR) results shown in Figure 11 
reflect the high permeability of the sandy till and its high infiltration capacity. 
The upper graph illustrates the volumetric water content of the sandy till at a 
depth of 10-30 cm during one year (from 1 July 2007 to 30 June 2008) and the 
lower graph that on the surface of the bedrock at a depth of 30 cm below the 
upper TDR sensor. It can be seen how the water passed quickly by the upper 
sensor, causing a high volumetric moisture pulse, albeit one of short duration, 
indicating the high permeability and high porosity of the sandy till. From the 
lower graph, the high water pulses can also be seen. Still, they are not only 
longer-lasting in comparison to the previous one, indicating high permeability 
and high porosity, but also the longer duration of the water flow. This 
observation supports the interpretation that the hydraulic conductivity of the 
bedrock is lower than that of the sandy till. 
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Figure 11. Volumetric water content of TDR sensors on the sandy till slope from 1 July 2007 to 
30 June 2008. 

The intermediate flow was investigated in the sandy till and clayish silt 
formations. Figure 12 shows how the groundwater table ranged at the soil 
moisture monitoring point L6396 (Fig. 10) in the silt formation in summer 2011. 
Three soil moisture sensors are placed vertically in the hole R23 at the depths 
of 60, 75, and 90 cm (Fig. 10). It can be seen how the groundwater decreases in 
a downward direction during the dry season and again how it increases in an 
upward direction after rain. Figure 12 also shows that small amounts of rain do 
not influence the groundwater table, supporting the earlier observations of the 
evaporation of the surface water after small amounts of rain during the dry 
season. After heavy rain a certain portion of water is infiltrated, raising the 
groundwater table, but with a time lag (Article I). 
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Figure 12. Volumetric water content of the three sensors of hole R23 in a silt formation at a 
depth of 60 (thick solid grey line), 75 (dashed red line), and 90 (thin solid grey line) cm with 
precipitation (black line), and cumulative precipitation (solid red line) from 1 July to 31 August 
2011. 

3.3.4 Groundwater levels of study site 

Altogether 13 piezometers (11 of them in soils and two in wells in the bedrock) 
monitor the level of the groundwater. Two of them (numbers 10 and 11) are in 
soils on the west side of the outcrop of the study area and the rest of them in the 
outcrop or on its east side (Fig. 10). All the monitoring results levelled in the 
N60 height system show the groundwater table as being approximately 5 m 
lower (Fig. 13) on the west side of the study area. It seems that a relatively intact 
bedrock outcrop (3.1.1) works as a local barrier between the west and east sides 
of the study area. This is also supported by the observed artesian well at the 
location of the groundwater tube 10 (Fig. 10) next to the outcrop and the 
groundwater table gradient pointing to the west inside the bedrock between the 
west and east sides. 

The interpretation of the low hydraulic conductivity of the bedrock (a 
condition for acting as a barrier to groundwater moving) is also supported by 
the impacts of heavy rainfalls at certain monitoring points. From Figure 2 in 
Article IV a phase shift can be seen between the TDR recording, the groundwater 
level in tube 6, and the borehole well BH1 near the gravity station. The fastest 
impact of rainfall can be seen by the TDR sensor, revealing the high porosity of 
the sandy till (3.3.3). The groundwater level in tube 6 reacts faster to rainfall 
than that in the bedrock well BH1 near the gravity station. This indicates the 
lower hydraulic conductivity of the bedrock than that in observation well 6 in 
silt formation with relatively good hydraulic conductivity (Table 1). 
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Figure 13. Groundwater level of nine monitoring points from 1 April 2009 to 11 January 2010 at 
the Metsähovi study site. The locations of the monitoring points are shown in Figure 10. 

3.4 Description of the modelling 

Gravity is studied at the Metsähovi research centre. From the perspective of 
geodesists, g is contributed only by sources or phenomena influencing it without 
any kind of geophysical noise. The impact range of the contributors is huge, 
depending on their mass and distance according to Newton’s law. Now, the 
question is how tiny sources and phenomena can be exposed and identified 
behind the ones that mask them. The only way to do it is to remove the influence 
of the large ones. It is like peeling an onion; the outer and larger layers must be 
removed before the inner and smaller layers can be seen. 

It is well known from geology that local hydrology, as well as the models 
describing it (e.g. Bonatz, 1967; Elstner and Kautzleben, 1982; Mäkinen and 
Tattari, 1991), is site specific. So there is a need to construct a unique structural 
geological model and dense enough soil moisture and groundwater level 
monitoring system for every single gravity station. This is also essential when 
separating local gravity effects from regional or global ones. Thus, they cannot 
be ignored if state-of-the-art hydrogeological models are applied to explain the 
spatiotemporal variation of gravity.  

It is practical to investigate and model the water in soft soils separately from 
the water in the fractures in the bedrock, because the amount of water in them 
is very different, as is the behaviour of the water in them. Saturated groundwater 
was also handled separately from water in the unsaturated vadose zone since 
they were monitored with different methods. Additionally, the bedrock water 
just below the SG sensor was investigated and modelled because of its critical 
position and possible strong influence on the measured gravity. 

Since the SG records only the vertical component of g, the location of the 
changing mass is as crucial as the distance or the amount of mass. A mass 
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change in the same horizon as the SG sensor does not influence the vertical 
component of g at all. Because the relief of Metsähovi is relatively flat, a large 
mass change in the groundwater in soft soils further away can cause the same 
gravity effect as a smaller change in the fractures in the bedrock below the SG 
sensor. 

Even though several discretized flow models have been developed by many 
authors (e.g. Ross and Smettem, 2000; Peters and Klavetter, 1988; Šimunek et 
al., 2006; Coats and Smith, 1964; Larsbo et al., 2005; Gerke and van Genuchten, 
1993; Hoogmoed and Bouma, 1980; Hendriks et al., 1999; Gwo et al., 1995; 
Steenhuis et al., 1990), they cannot usually describe the hydrology of clayish soil 
accurately enough since they are not verified by any independent physical 
parameter which covers the whole study site. Therefore, they cannot be 
exploited for calculating the local hydrogeological effect of gravity. In this study, 
the essential matter is to know where water is distributed after precipitation by 
infiltration and groundwater flow and the distribution of porosity in the 
subsurface. This is essential since the moving water masses influence the 
gravity. Therefore, in this study hydrogeological models of water distribution 
were used to calculate the gravity effects (Fig. 14), i.e. to peel one more layer 
from the onion. Now we also have a unique opportunity to validate that model 
by the independent physical parameter g. 

 
Figure 14. The principle of the hydrological model at Metsähovi. 

As a whole, the process of the development of the new local hydrogeological 
model comprises several essential stages. The ranged model is necessary for the 
isolation of all relevant sources and for the determination of their relative 
strengths. A sufficient amount of geological and hydrological data with a long 
enough time series is needed for the construction of the time-lapse 
hydrogeological model. The comparison of local, regional, and global gravity 
effects with the SG data is needed for the evaluation of their relative magnitudes 
and for their possible reduction. Finally, the verification of the hydrogeological 
model that is constructed is performed by validating it with an independent 
measured parameter g. 

3.4.1 Calculation methods for g 

In this study gravity effects have been calculated with different methods, 
depending on the objective of the modelling. Barnett’s method (Barnett, 1976) 
was applied to calculate the gravity effect of infiltrated water in the fractures in 
the bedrock above the groundwater table (Articles II and III) and to model the 
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gravity effect induced by the varying amounts of surface and soil water (Articles 
II and III). Right rectangular prisms and Nagy’s formula (Nagy, 1966) were used 
to calculate the gravity effect of the soil water in the study area (Article IV). The 
commercial software ModelVision® was used to calculate the gravity effect of 
infiltrated water in the fractures in the bedrock above the groundwater table 
(Article III), the gravity effect of the soil water in two pools near the gravity 
station (Article I), and the gravity effect of the variation in the porosity of the 
bedrock within the range of the groundwater level (Article III). 

Nagy (1966) derived a mathematical expression to calculate the vertical 
component of the gravitational attraction of a right rectangular prism, with 
sides parallel to the coordinate axis. Since any configuration can be expressed 
as the sum of prisms of various sizes and densities, the computation of the total 
gravitational effect of the bodies of arbitrary shapes at any point outside or at 
the boundary of the bodies is straightforward. In addition, this analytical 
method delivers a precise value for the modelled g, and it is also relatively easy 
to compile it in the code of our own modelling software. 

ModelVision® is a commercial software package produced by Pitney Bowes 
Software. It uses analytical solutions of certain types of bodies (i.e. spheres, 
rectangular prisms, and elliptical pipes) in straightforward modelling and is 
convenient to use if the sources approximate well enough to the bodies listed in 
the library of ModelVision. 

Barnett (1976) expressed an analytical solution for the problem of the 
gravitational fields of an arbitrarily shaped, homogeneous 3D body, which is 
determined as a polyhedron composed of planar triangular facets. Since the 
solution is analytical the accuracy of the modelling does not depend on the size 
of the facets, but only how well the body is described by the facets. This method 
was applicable in order to describe the gravity effect of planar-type fractures and 
water surfaces on the ground and bedrock, since only either the upper or lower 
surface of the fracture or layer needed to be determined. The other surface is 
defined by shifting the first one in the vertical direction by the thickness of the 
fracture or layer.  

3.4.2 Global models for calculating the gravity effect induced by global 
water storage 

The global and regional gravity effect was predicted by global GLDAS/NOAH 
(Rodell et al., 2004) and ERA-Interim (Uppala et al., 2005) models based on 
meteorological land surface and satellite data. 

GLDAS/NOAH produces water storage components affected by numerous 
parameters (precipitation, evapotranspiration, temperature, etc.). The variation 
in the water storage was convolved by Green’s function using the SPOTL (Some 
Programs for Ocean-Tide Loading) program package by Agnew (2012). Green’s 
functions were applied for calculating both the Newton’s attraction and the 
loading effect of water storage. The mass was set at the level of a gravity sensor, 
excluding the vicinity of the station (radius 1 km). Thus, the gravity effect of the 
water storage consists of the loading component and Newton’s attraction 
component of the areas outside 1 km from Metsähovi. Newton’s attraction 
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exerts an influence from greater distances as a result of the curvature of the 
Earth. Excluding the vicinity of the station (radius 1 km) was necessary as 
GLDAS/NOAH does not consider the detailed topography or soil and 
groundwater distribution of the study site (more details in 5.1). 

ERA-Interim is a global atmospheric reanalysis produced by the European 
Centre for Medium-Range Weather Forecasts (ECMWF), and also includes the 
hydrological cycle of water storage. However, the accurate representation of the 
hydrological cycle in reanalysis is challenging since it involves many parameters 
that are constrained only indirectly by observations. Thus, the gravity effect 
predicted by the hydrogeological model of ERA-Interim is general, but not 
detailed (Dee et al,. 2011). 

In this study, the non-local gravity predictions (Boy and Hinderer, 2006) of 
the ERA-Interim hydrological model were downloaded from the website of the 
Special Bureau of Loading of the IERS Global Geophysical Fluid Centre. The 
gravity component consists of the loading effect and Newton’s attraction of the 
water mass, similarly to the GLDAS/NOAH-based gravity model.    

3.4.3 WSFS (Watershed Simulation and Forecasting System) model 

The Finnish Environment Institute has a hydrological watershed model system 
named WSFS (Watershed Simulation and Forecasting System). It is applied for 
flood forecasting, real-time monitoring, nutrient load simulation, and climate 
change research. Forecasts are made on a daily basis for over 500 discharge and 
water level observation points. Forecasts are used for lake regulation planning, 
flood damage prevention, and as information for the public and authorities 
(Vehviläinen et al., 2005). In this thesis, WSFS is applied for delivering the total 
Finnish water storage variation on a regional scale. 

3.4.4 GRACE (Gravity Recovery And Climate Experiment) – satellite 
gravity measurements 

The twin GRACE (Gravity Recovery And Climate Experiment) satellites were 
launched in March 2002 to make detailed gravity measurements of the Earth. 
The monthly regional gravity anomaly maps produced by GRACE are as much 
as 1,000 times more precise than previous gravity maps with a similar scale 
(Buis, 2002).  

The measurements of the Earth’s gravity are based on the accurate 
measurements of changes in the speed and distance between two identical 
spacecraft flying in a polar orbit about 220 kilometres apart, 500 kilometres 
above the Earth. The microwave ranging system is sensitive enough to detect 
separation changes as small as 10 m over a distance of 220 km. The gravity of 
the Earth is constructed from the spherical harmonics representation of gravity 
potential by combining the changing distance between the two satellites and 
their precise GPS position. 

The GRACE data is excellent on a large scale, but its spatial resolution is not 
enough for local hydrological studies because of the long distance (500 km) 
between the Earth and the satellites.  
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4. Results 

The research scope of this study was to identify and characterize local 
hydrogeological phenomena and sources influencing gravity through changes in 
the water mass of the study area, understand their contribution, and construct 
a hydrogeological model of Metsähovi in order to control and/or reduce their 
influence on the gravity. The research work was split into two stages. During the 
first one (Articles I-III) four local hydrogeological sources and phenomena 
influencing gravity were identified and characterized with ranging.  

The second stage took place some years later after a soil moisture and 
groundwater data set covering several years had been collected and two 
geological sampling campaigns and other investigations had been performed. 
As a result of these studies a time-lapse hydrogeological model was constructed. 
However, the most significant result was the knowledge about the limitations 
the collected data still have. It is obvious that the amount of collected data is 
insufficient for the construction of an accurate and sophisticated time-lapse 
hydrogeological model. In particular, the immediate vicinity of the SG lacks 
structural data. The phasing of different gravity components must also be 
considered when eliminating them from the SG recordings. 

4.1 Difference in hydraulic conductivity of non-homogeneous 
soils and bedrock 

In this study, the difference in hydraulic conductivity between non-
homogeneous soils and bedrock has been recognized as working as a gravity 
source through the varying amounts of soil and groundwater. First, the 
200×200 m2 area is only a part of a larger catchment area causing uneven 
intermediate flow and surface run-off into the study area with a varying time 
lag, depending on the hydraulic conductivity and the topography of the ground 
and bedrock. Second, the non-homogeneous hydraulic conditions inside the 
study area cause significant variation in the groundwater table. 

4.1.1 Gravity effect of incoming intermediate flow and surface run-off of 
exterior area 

Since the surroundings of Metsähovi are relatively flat (Fig. 5 in Article I) and 
without large vertical fracture zones (Fig. 6 in Article I) and the soil between the 
gently sloping sandy till-covered hills is either silt or clayish silt the migration 
of groundwater is quite slow. By investigating the correlation between 
precipitation and maximum groundwater levels it seems that precipitation and 
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the groundwater peaks correlate only with a time lag of 80-130 hours (Articles 
I and IV). The delay depends on the flow rate of rainwater from the upper areas 
to the level of the groundwater table. 

Hydrogeological investigations (3.3.2, 3.3.3, and 3.3.4) also support uneven, 
intermediate water flow both inside and from exterior areas, resulting in 
variation in gravity. From the perspective of gravitational modelling it is 
essential to realize that rainwater does not necessarily infiltrate into the soil at 
the monitoring point, but is gathered from a larger precipitation area, thus 
increasing the amount of groundwater flowing through the study site. Moreover, 
the time lag causes a phase difference between a precipitation event and the 
gravity maximum induced by that event, as will be shown later in this thesis 
(4.5.3). 

The precise consideration of spatiotemporally changing soil water and 
groundwater in gravimetric reduction is a challenging task since g is extremely 
sensitive to variations in the amount of water. The significance of the uneven 
groundwater table was estimated by ranging. A groundwater excess was set next 
to the gravity station in order to calculate the gravity effect driven by it (Article 
I). According to the modelling, it causes a detectable gravity effect of 170 ngal.  

The minimum requirements for a new time-lapse hydrogeological model are 
a good enough 3D geological model of the study site and numerous soil and 
groundwater sensors monitoring the water variation. In this research project, 
the gravity effect of the local hydrogeology was modelled better than ever before 
at Metsähovi, but the need for a denser monitoring network of soil moisture and 
the groundwater table is still obvious. 

4.2 Water flow in the fractures in the crystalline bedrock above 
the groundwater table below the station 

The significance of infiltrated water in the fracture network in the bedrock for g 
was shown in Articles II and III. The changing amount of water in the fractures 
in the bedrock above the groundwater level is determined by the pore space of 
the fractures. Without knowing the exact volume of pore space (3.2.5) we must 
content ourselves with qualitative estimation of the gravity impact caused by the 
changing water mass in the fractures. 

A very small amount of changing water in the fractures causes a detectable 
gravity effect, since the position of the water is critical, just below the gravity 
sensor (Articles II and III). This source results in a short-term effect that is very 
difficult to extract from data that is also integrated with other short-term effects 
such as rainwater on the surface of the ground and many atmospheric effects. 

The fracture information was gained by Ground Penetrating Radar (GPR) and 
surface mapping. On the evidence of 75 field observations, the fractures at the 
study site are typically on granitic bedrock and either nearly vertical or 
horizontal (Article II). Since vertical fractures are difficult to locate by GPR only, 
six almost horizontal fractures were positioned from the intact bedrock above 
the groundwater table (Articles II and III). Because GPR investigations do not 
reveal the width of a single fracture, relatively conservative aperture sizes (from 
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1 to 5 mm with a filling porosity from 0 to 100%) were chosen for the qualitative 
modelling parameters of the changing water mass in the fractures. In all 
calculations, the fractures were fully saturated with water and the gravity effect 
was calculated against the case where the fractures are totally empty of water. 
The chosen parameterization is based on our own observations and those of 
other authors (3.1.1).  

The modelling results of the gravity impact caused by the changing water mass 
in the fractures in the bedrock above the groundwater table are presented in 
Articles II and III. According to earlier studies (Hokkanen et al., 2005), one 5 
mm fracture with a 10% filling porosity below the gravity station causes a gravity 
effect of 15.2 ngal. In Articles II and III ranging was performed to find out the 
range of the gravity effect induced by the changing water mass in the fractures 
positioned by GPR investigations. In Article II it is also shown that the amount 
of water on the surface of the ground cannot alone explain the recognized short-
term gravity effect, but it must have another source as well. The modelling 
results show that a gravity effect up to 450 ngal is possible. Even if the biggest 
gravity effects were obtained with almost unrealistically large apertures (a 5  
mm open fracture network), the gravity effect originating from smaller 
apertures (e.g. a 1 mm open fracture network) is also detectable (about 100 ngal) 
(Articles II and III). 

4.3 Variation in the porosity of the bedrock within the range of 
the groundwater level 

One of the key findings in this thesis is that the variation in the porosity of the 
fractured bedrock (instead of homogeneous porosity) within the range of the 
fluctuations in the groundwater level is one of the most significant gravity 
sources at Metsähovi, where the gravity effect induced by the changing GW table 
is corrected linearly (i.e. corresponding to the homogeneous porosity). Although 
the total mass of changing water in the fractures in the bedrock below the gravity 
station is small compared with the changing amounts of soil and surface water, 
its position with respect to the gravity sensor is crucial. The gravity effect of the 
fracture water was investigated in two different stages with two different scales 
and purposes. The first one (4.3.1) was limited to just below the gravity station 
(Fig. 1), with the purpose being to evaluate a possible inaccuracy resulting from 
a linear correction coefficient for the gravity effect of fluctuations in the 
groundwater. However, these results are also applicable for the direct 
calculation of the gravity effect on the varying amount of groundwater. In the 
second stage (4.3.2) the main interest was in the gravity effect induced by the 
fluctuation in the groundwater in the bedrock of the whole study area. These 
results can also be used for straightforward gravity effect modelling of the 
changing water mass in a porous bedrock.  
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4.3.1 Variation in the porosity of the bedrock within the range of the 
groundwater table below the gravity station 

The motivation behind the ranging is to find out the range of possible biased 
correction for the gravity effect induced by the varying groundwater table, which 
is commonly done by a constant coefficient derived from the observed SG data 
linearly regressed by the groundwater level. However, linear correction 
demands homogeneous porosity in the zone between the minimum and 
maximum levels of the groundwater table below the gravity sensor. For the 
modelling anomalous porosity blocks describing non-homogeneous parts of the 
bedrock were placed in the range of the groundwater table at a depth of 5 m 
below the gravity sensor (Article III). The horizontal dimensions of the blocks 
varied from 2×2 m2 to 20×20 m2 and their vertical size was 1.0 m. The 
anomalous porosity varied from 0 to 2% and all the calculations were performed 
with fully saturated porosity blocks without any filling materials. For instance, 
the gravity effect of a 20×20×1 m3 block with 2% anomalous bedrock porosity 
at a depth of 5 m below the gravity station is 0.42 gal (Article III). 

The calculations show that even modest porosities (< 3%) in the bedrock just 
below the gravity sensor in the zone where groundwater table is varying (i.e. 
range of groundwater table) can cause a detectable gravity effect (hundreds of 
ngal). Therefore, if linear correction functions are applied for the calculation of 
the gravity effect induced by a change in the groundwater in non-homogeneous 
porous bedrock, biased corrections can be expected.  

4.3.2 Variation in the porosity of the bedrock of the whole study area 
within the range of the groundwater table 

Since the gravity station is established on the bedrock, the major part of the 
fluctuation in the groundwater takes place in the bedrock in the vicinity of the 
station. According to the piezometer BH1, the GW fluctuation range is from 7 to 
4 m below the gravity sensor. The gravity effect of the changing groundwater 
table was calculated in the area where it occurs solely in the bedrock (Fig. 7). 
The model applied, a 110×110×3 m3 horizontal slab with 2% porosity in the 
bedrock at a depth of 4 m, delivered a gravity effect of 2.29 gal. This is 89% of 
that for a full Bouguer sheet and 95% that of a 200×200×3 m3 horizontal slab 
(Article IV). Thus, the major part of the gravity is induced from the immediate 
vicinity of the gravity station.  

The calculations show the strength of the fluctuation of the groundwater in the 
bedrock as a gravity source and emphasize its meaning as a local gravity source, 
in particular since the gravity station is established directly on the bedrock. 
Therefore, the monitoring network of the groundwater table should be dense 
enough to model the changing groundwater mass accurately enough. 

4.4 Time-varying amount of surface and soil water at the study 
site 

The calculations for the gravity effect of the surface and soil water were carried 
out in two different stages. In the first one, the calculations were based on 



Results 

46 

artificial data and ranging (4.4.1). These modelling results were also compared 
with the results delivered by a modified Bouguer plate. In the second stage 
(4.4.2), the real soil moisture and groundwater data of two different models 
were used for the calculation of the gravity effect induced by the local hydrology. 

4.4.1 Ranging of gravity for surface and soil water at Metsähovi 

The centre of the ranged model area (100×100 m2) was gridded with a 5-m grid 
size and the outer part (from 100×100 m2 to 200×200 m2) with a 10-m grid size. 
Two extreme cases were modelled for the two different study areas (100×100 
m2 and 200×200 m2) and compared to the modified Bouguer solution (a 
10×10m2 area below the gravity station was excluded and the distance between 
the gravity sensor and plate level was 0.74 m) (Article III). The first case 
assumes that changes in the amount of water take place only on the surface of 
the ground, illustrating the conditions immediately after rainfall. The second 
one assumes that the same change in the amount of water takes place on the 
surface of the bedrock with a soil porosity of 30% describing the conditions after 
infiltration. The gravity effect of both models was calculated and compared with 
the modified Bouguer solution. By this ranging one can estimate the sensitivity 
of g to the changing position of a particular water mass (the same mass either 
on the surface of the ground or in the pores of the subsurface on the bedrock), 
as well as the strength of the gravity effect. 

Depending on the amount of water, the induced gravity effect is shown in 
Figure 15. The major part of the changing gravity generated by the hydrology is 
contributed by the water located in the vicinity of the station. The same amount 
of water on the surface of the bedrock causes a bigger gravity effect than the 
same amount of water on the surface of the ground because of measurement 
geometrics (Article III). Note also the relatively weak gravity effect induced by 
layered water (either on the surface of the ground or bedrock) in comparison 
with the gravity effect induced by changes in the water in the fractures in the 
bedrock below the gravity sensor (4.2 and 4.3), although the amount of water in 
the fractures is only a fraction of what there could be on the surface of the 
ground. 

All the ranging results of the layered water (either on the surface of the ground 
or the bedrock) are shown in Figure 15. All the models deliver gravity effects 
around 100 ngal with realistic amounts of water (< 10 mm). These results are 
also supported by previous similar studies (e.g. Elstner and Kautzleben, 1982; 
Mäkinen and Tattari, 1991). They verified that a moderate amount of water on 
the surface of the ground or in the subsoil can cause a significant gravity effect.  
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Figure 15. Gravity effects of a) surface water layers and b) groundwater layers in the 100×100m2 
and 200×200 m2 study areas and a 1m thick Bouguer plate. 

4.4.2 Time-lapse modelling of gravity effect of soil water at Metsähovi 

In the first model of real soil moisture and groundwater data, the soil moisture 
conditions of the study area 200×200 m2 are described with one hundred 
20×20-m2 cells that each have 1-3 vertical layers, depending on the soil 
characteristics. The original 1-minute soil moisture data and groundwater level 
observations (2-3 times per week) were resampled to monthly data. For the cells 
lacking soil moisture and/or groundwater information information from 
neighbouring cells with a similar geological structure was applied. This 
structural model was further discretized to right rectangular prisms of 1×1×0.1 
m3 to calculate the gravity effect of the soil water with the formula of Nagy 
(1966) (Article IV). The gravity effect of the water in the bedrock was excluded 
from this model. According to the calculations, the gravity effect of the first 
model is relatively weak in comparison with that induced by a change in the GW 
level in the bedrock below the gravity sensor, particularly because the total 
amount of GW is less than that of the soil water (Figs. 16 and 17). 

In the second model, soil moisture information was collected with two 
vertically located TDR sensors. Their locations were on the sandy till slope of 
the study area (Article IV, Fig. 1). Their data was applied equally to the layer 
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between 0.1 and 0.5 m of the whole study area 200×200 m2, excluding the 
bedrock (Article IV). This model delivered very similar results to the previous 
one, although the model was much simpler. The amplitude of the gravity effect 
was bigger, indicating a bigger change in the water content in the soils than had 
been anticipated as a result of the bigger pore space in the sandy till than in the 
clayey silt. 

 

 
 

Figure 16. Left: The estimated variation in local water content in the 200×200 m2 area from 
various components of the hydrology, divided by the area to show the mean value in millimetres. 
SM: water in the soils from the first model (solid curve) and the second model (dash-dot curve). 
GW: groundwater in bedrock. Right: The corresponding estimated gravity effect in nm s–2. 

 
Figure 17. Gravity effects of two models based on real GW and SM observations in the soil at 
the Metsähovi study site.   

4.5 Characteristics of the local hydrological gravity component at 
Metsähovi 

During the modelling process several essential features of the local 
hydrogeological sources and phenomena influencing gravity were invented. 
They emphasized the significance of the immediate vicinity of the SG in the 
modelling and the accuracy of local hydrogeological model, and revealed phase 
shifts between local and regional gravity components. 

4.5.1 Immediate vicinity of SG 

Table 2 shows the ranging of the gravity effects of five different hydrogeological 
phenomena and sources, as well as the water masses they are induced by. 
Columns 1-5 indicate: 
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1. the gravity effect of the water in the fracture 
network (six fractures) 20×20×0.005 m3 below 
the gravity station (Article III) 

2. a change in the porosity of 0.5% for the 20×20×1-
m3 block below the gravity station at a depth of 5 
m (Article III) 

3. a variation in the groundwater level of 1 m at a 
depth of 5 m of bedrock (0.5% porosity) of the 
whole study area 200×200 m2 

4. a 5-mm water layer on the surface of the whole 
study area 200×200 m2 excluding 10×10 m2 
below the station (more details in Article III) 

5. a 16.67-mm water layer in the soils (equal amount 
of water to the previous source) on the surface of 
the bedrock with a soil porosity of 30% (more 
details in Article III) 

 
 1 2 3 4 5 Bouguer 
2D size of source [m2] 400 400 40,000 ~40,000 ~40,000 Infinite 
Mass [kg] ~8000 2000 20,0000 ~200,000 ~200,000 Infinite 
Gravity [ngal] 463 170 200 51 66 209.5 
Effect [%] vs. Bouguer Irrelevant 81 95 24 31  

 

Table 2. Gravity effect of several ranged sources. 

The results support the previous conclusion about the significance of the 
location of the source. At the same depth, a small mass just below the gravity 
sensor induces 85% of the gravity effect induced by a mass 100 times bigger 
placed in a larger area (columns 2 and 3). Moreover, a mass that is some four 
times bigger is not able to induce a gravity effect four times bigger even if it is 
closer to the sensor, since some portion of the mass is almost in the same 
horizon with the sensor (columns 1 and 2). In conclusion, even if the masses 
below the gravity station are small they must be demerged from the local-scale 
gravity effect to the gravity effect of the immediate vicinity of the gravity station 
when calculating the local gravity effect of the hydrogeology, i.e. the gravity 
observed by the SG consists of the global, regional, and local shares and the 
share driven from the immediate vicinity of the gravity sensor. In this study, the 
hydrology of the immediate vicinity of the gravity sensor was not determined 
because of a lack of information about the porosity of the bedrock below the SG 
sensor (see 3.2.5 and 4.2). 

The gravity effect of changing amounts of water in the local soils and fractures 
in the bedrock is modelled against Bouguer sheet approximation (Article IV). 
According to the results, the latter covers 94%, and the former 20% of the 
gravity effect of Bouguer approximation (Article IV). Thus, even if the absolute 
quantity of water in the bedrock is small, its relative gravity effect is huge in 
comparison with that in the soil (see also 4.4).  

The significance of mass position is also shown by the real observations of g 
and soil moisture content (Article IV). The modelled average local water storage 
p-p value, i.e. the integrated soil moisture of all the modelling cells subtracted 
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from the study area, is 220 mm, corresponding to 9.2 gal in Bouguer gravity. 
The modelled combined gravity effect of the local groundwater, soil water, and 
snow (except snow on the roof of the gravity station) causes an impact of 3.1 

gal on gravity. Therefore, the SG detects only 34% of the effect of the Bouguer 
sheet. 

The latest observations with the-state-of-the-art dual-sensor SG, which has 
been operated at Metsähovi since January 2014, strongly support the modelling 
results of this thesis and the significance of the mass migration in the vicinity of 
the sensors. According to new observations, rapid effects on the hydrological 
data and on the gravity records can be detected after rain pulses, so that the 
gravity responses differ between the old SG and the new dual-sensor one, 
indicating an asymmetric distribution of water in the vicinity of the gravity 
station (Raja-Halli et al., 2014). 

4.5.2 Significance of local hydrogeological model 

According to the ranging, flowing water in the fracture network just below the 
SG could easily cause a gravity effect of 0.1 gal (4.2), a 3% variation in the 
porosity of the bedrock just below the SG a gravity effect of 0.42 gal (4.3.1), 
and a 1% variation in the porosity of the bedrock at a depth of 4 m a gravity effect 
as high as 1.15 gal (4.3.2). The conclusion is that an inaccurate porosity or 
structural model of the bedrock can cause a significantly biased gravity effect to 
be calculated from the water movement in such bedrock. So, in order to avoid 
the risk of significant unknown factors in the gravity modelling one must know 
the structure of the bedrock accurately enough. 

According to the ranging, moderate amounts of surface and/or soil water in 
the study area can cause a significant gravity effect (4.4.1). It has also been 
shown that the soil at the study site is non-homogeneous (3.1.1-3.1.3) and 
consists of many soil types (3.1.1), causing a large variation in the hydraulic 
conductivity of the soil (3.1.2). A non-modelled uneven groundwater table can 
cause a significant unknown gravity source for SG recordings (4.1.1). On the 
basis of the real soil moisture and groundwater data in the soil, the gravity effect 
could even be 1.4 gal (4.4.2). The conclusion is that without accurate 
knowledge of the soil structure and especially its hydraulic conductivity, as well 
as the position of the uneven groundwater table at the study site, the gravity 
effect of the hydrology cannot be calculated precisely. 

4.5.3 Phase shift between gravity components and SG recordings 

The observations support delays between precipitation and the gravity 
impacts of the hydrological components. This is due to non-homogeneous 
hydraulic conductivity both in the soil and bedrock (4.1 and 4.6). The length of 
the delays ranges from some minutes (Raja-Halli et al., 2014) to some days 
(4.1.1), depending on the source or phenomenon. Phenomena near the SG cause 
rapid gravity impacts but phenomena deeper in the ground, such as the 
infiltration of rainwater into groundwater, take time to cause a time-shifted 
gravity impact. 
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Figure 18. Responses of GRACE, SG, GLDAS, WSFS, GW (BH1), and GW (T6) data from 4 
April 2009 to 4 October 2011. The scale of GW (BH1 and T6) is on the left-hand axis and the rest 
on the right-hand one. 

To study the delays more accurately, the phases of the SG data were compared 
with the phases of the data derived from local-, regional-, and global-scale 
sources. The observed GW variations in the soil (T6) and bedrock (BH1) 
represent the local-scale gravity effect calculated from the GRACE solution and 
the variation in the GW delivered by the WSFS regional scale and the gravity 
effect of the global water model (GLDAS) global scale. They were interpolated 
(SG) or decimated (GRACE, WSFS, GLDAS, GW (BH1), and (T6)) to one-hour 
periods from 4 April 2009 to 4 October 2011 (Figure 18). The original sampling 
intervals were one month, one second, one day, one day, some days, and again 
some days, for GRACE, SG, GLDAS, WSFS, GW (BH1), and GW in soils, 
respectively. Thus, rapid mass exchanges and their gravity effects are not 
studied here. After interpolating and decimation, the best correlations of the SG 
and other data were gained by allowing the stepwise time shifting of parameters 
during the calculation process and plotting the correlation of each step on a 
graph. The best correlation was picked up from the graph, as well as its time 
delay. Table 3 shows the parameters that were analyzed and their correlations 
with the SG with a time shift. 
 

 GW(T6) [m] GW [m] WSFS [mm] GLDAS [nm/s2] GRACE [nm/s2] 
SG [nm/s2] 67/33 50/-2.9 67/3.3 88/7.5 56/14.1 

 

Table 3. Best correlation of the parameters that were analyzed with a time shift (Correlation 
[%]/time shift [day]). The mark ‘-’ before the latter value means that the phase of that parameter 
in a certain column is later in comparison to that of the SG data. 
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The results shown in Table 3 show that the SG detects the gravity impacts 
derived by hydrology relatively slowly in comparison to the other parameters. 
The addition of water is seen quickly in the soils (4.1.1 and Article IV), and also 
with GRACE. Their best correlation with the SG is detected at around one month 
(GW in soils) and two weeks (GRACE) ahead of the SG. The reason for the delay 
with the SG is the variation in the hydraulic conductivity of the subsurface 
(3.3.2) and the sensitivity of the SG to water mass exchange in the bedrock 
rather than that in the soil. GRACE detects a mass increase in the subsurface 
immediately through Newton’s attraction law (Wahr et al., 1998), but because 
of its poor time resolution (one month) the average phase shift with the SG is 
two weeks (half of the sampling frequency). The water mass maxima gained by 
WSFS and GLDAS are some days ahead and that of GW (BH1) some days after 
the maximum gravity impact of the SG. The delay for the maximum level of GW 
(BH1) table is due to the finite time the surface water takes to infiltrate to the 
groundwater level in the bedrock (3.3.4). As a conclusion, the SG is affected in 
a complex way by the hydrology, as well as by the loading effect of mass 
exchange. Therefore, the gravity effects of several phenomena overlap in the SG 
recordings. Moreover, some effects, such as the gradually changing GW table, 
influence the SG both before and after the time shift of the best correlation, 
causing uncertainty in the definition of the exact time shift between the SG and 
GW. 

This analysis was fruitful for gaining an understanding of how water masses 
move in the subsurface but not for calculating or comparing the gravity effect of 
the parameters. As can be seen, not even the same physical quantities were 
analyzed since the determination of the correlations was performed by finding 
out how the excesses and deficits of the water mass correlate with the gravity 
maxima and minima within a certain time period.  

4.6 Validation of the hydrogeological model of Metsähovi 

The final task for the construction process of the new local hydrogeological 
model was its validation by SG recordings, i.e. by g. This was done by 
eliminating the global gravity effect of GLDAS from the SG record and checking 
how much the calculated gravity of the local hydrogeological model explains the 
residual (Fig. 19). The vicinity (< 1 km) of the gravity station was excluded from 
the global models (3.4.2) and the applied local model was based on real SM and 
GW observations in the soils (the first model in 4.4.2) integrated with GW 
observations in the bedrock next to the SG sensor (BH1 in Figure 10). In the 
elimination process, the original data was resampled to 60-minute data in order 
to perform accurate phase shifting. 

Figure 19 shows the range of original SG data (solid grey line) and the range 
of the residual (solid black line) after the SG data was eliminated by the gravity 
impact of GLDAS (dashed line). The range of the gravity residual is some 50% 
of the range of the original SG data, showing the contribution of global gravity 
to be 50% of the total gravity at Metsähovi, as also reported in Article IV. 
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Figure 19. Range of SG data (solid grey line) and its residual (solid black line) after the elimination 
of the gravity effect of GLDAS (dashed line). 

In Figure 20, the gravity residual is plotted with a time resolution of one hour 
and one month (left-hand axis) as well as the calculated gravity based on real 
observations of SM and GW in the bedrock (right-hand axis). The peak-to-peak 
value of the gravity residual of the monthly data is some 30 nm/s2, thus showing 
good agreement with the range of gravity induced by the change in the modelled 
average local water storage (4.5.1). Thus, the magnitude of the gravity residual 
is supported by that of the gravity modelled by real hydrological observations.  
 

 
Figure 20. Observed local gravity impact after the elimination of global/regional effect with time 
resolution of one hour (grey line) and one month (dotted black line), and modelled gravity induced 
by the local hydrogeological model and change in the GW level (dotted red line). 

After all, even if the local hydrogeological model was constructed for the 
calculation of its gravity effect, the fact is that more work has to be done before 
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an accurate 3D time-lapse or even 4D hydrogeological model is developed. 
Denser sampling of local environmental data, a more accurate picture of the 
hydrology and geology in the immediate vicinity of the SG, and the management 
of the phases of data with poor time resolution, as well as better knowledge 
about the goodness of global/regional models, are needed before the calculation 
of the local hydrogeological gravity effect is precisely doable and the new model 
exploited.  
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5. Discussion 

The results are site specific for many reasons. The measurement geometry, 
effective porosity, variation in the porosity, topography of the surface and/or 
subsurface layers, geology, atmospheric conditions, etc. vary with such a wide 
range that specific investigations are needed to determine the hydrogeological 
conditions of a study site. A big enough number of GW and soil moisture sensors 
placed in critical positions and a structural geological model of the study site are 
essential when calculating the local gravity effect of the hydrology.  

Water migration, i.e. mass transfer affecting the gravity response, can be 
described in at least two different ways, either by applying conventional fluid 
mechanics, i.e. Computational Fluid Dynamics, CFD, or 3D time-lapse imaging. 
The latter was chosen since part of the applied data has a relatively poor 
temporal resolution (i.e. GW information) in comparison to that of the SG data 
and since the computation process is much faster with time-lapse imaging than 
with CFD. Moreover, a one-minute sampling rate is high enough to describe 
water migration in the subsurface for the calculation of the gravity impact of the 
local hydrology. 

The accuracy of the models applied on different scales (local, regional, and 
global) plays a key role when calculating and/or eliminating their gravity effect 
on and/or from the SG data. Unfortunately, it seems that this requirement has 
not yet been achieved in this thesis (i.e. 4.6 and 5.2). 
 

5.1 Character of global hydrological models 

The removal of a certain area (1×1 km2) from the Era Interim and GLDAS 
models (3.4.2) around the gravity station was necessary for the following 
reasons. First, the surface density calculated by both hydrological models would 
most probably have been too big. The mean soil layer thickness applied in global 
models does not correspond with the mean soil layer thickness at Metsähovi. 
Second, the hydrological models that were calculated have been presented by 
surface densities corresponding to a Bouguer sheet. However, the soil water is 
not evenly distributed in a certain layer (Bouguer sheet) of the study site, but 
very heterogeneously, according to the hydraulic conductivity properties and 
pore space of the soils and bedrock. Since a substantial part of the soil and 
groundwater mass is not distributed below the gravity sensor, but rather further 
away and almost at the same height above sea level as the gravity sensor, the 
measured gravity effect of the soil moisture is less than the calculated gravity 
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effect of the global hydrological models. Third, without the removal, the gravity 
effect of the local soil and groundwater would be modelled twice, since the 
gravity effect of the local model was modelled separately in any case.  

Nevertheless, the accuracy of regional and global models lies outside the scope 
of this thesis. They still have a significant influence on the accuracy of the 
residual after the SG data is eliminated by global models. The exclusion of a 1×1 
km2 area around the gravity station eliminates three factors reducing the quality 
of the residual. After this, the total gravity is contributed only by the loading 
effect of the global models (no Newton’s attraction), impacting on the residual 
only with long-wave and/or systematic inaccuracy, depending on the accuracy 
of the global models that are applied. Thus, the short-term effects are originated 
by phenomena near the surface in the vicinity of the station and are controlled 
by the local hydrogeological modelling. 

5.2 Character of local hydrological models 

 
After the elimination of either local or global gravity from the SG recordings, the 
residual does not show a very good match with the gravity induced by the global 
or local models. One reason for this is definitely the sparse and/or insufficient 
observation network of GW and SM sensors, as well as the incomplete picture 
of the influence of the local geology on the water migration. The significance of 
the non-homogeneous bedrock in the immediate vicinity of the gravity station 
cannot be underestimated in gravity modelling, as also shown in very recent 
publications (Raja-Halli et al., 2014).  

On the other hand, the contribution of the local gravity is estimated to be 50% 
of the total gravity by two independent observations. The gravity induced by the 
change in the modelled average local water storage (4.5.1) shows approximately 
the same magnitude as that of the peak-to-peak value of the gravity residual of 
the monthly data after the global gravity has been eliminated from the SG 
recordings (Fig. 18). This result, together with the incomplete matching of the 
residual and the gravity of local models, could be explained by the right amount 
of, but spatiotemporally incomplete, local-scale water migration. Moreover, the 
ignored gravity effect of snow and other unknown sources bias the above-
mentioned matching of the residual and calculated gravity effect of local models.  

5.3 Improvements and visions for future investigations 

The results of this thesis show the significance of knowledge of the water balance 
of the study area with sufficient spatiotemporal resolution. That good resolution 
is difficult to reach by conventional numerical modelling or/and fluid 
mechanics because of the inhomogeneity of the subsurface. However, by placing 
both the GW and SM sensors densely enough in the study area to represent it 
accurately and sampling the water content of the ground frequently enough it is 
possible to monitor the changing water content of the study area densely enough 
(sampling frequency of one minute) in 3D for the result to be called a 4D 
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hydrogeological model. Thus, this is the recommended concept for the planning 
and implementation of future research. 

In order to monitor small and rapidly-changing effects and/or phenomena for 
the construction of the representative local hydrological model, one can also 
apply different methods than conventional SG measurements. One option is 
either to establish several SGs in the same study area or the usage of a 
transportable SG (iSG) to cover the whole study area with a dense enough 
measuring grid. In the latter option, the annual drift of the iSG is 2-4 gal 
(Hinderer et al., 2015). The precision and drift are good enough for hydrological 
applications and better than those of state-of-the-art conventional gravimeters 
(Riccardi et al., 2011). 

An interesting study would be to determine the topography of the ground and 
the surface of the bedrock with a radius of 1 km and calculate the gravity effect 
of the soil and groundwater in this area. In this way, the Newton’s attraction of 
the 1×1-km2 area excluded from global models could be considered and the 
slight biasing of the results could be avoided.  

Although global hydrological models such as GLDAS and ERA Interim take 
meteorological data into account, they are not the most accurate ones for 
describing the regional water balance. Thus, they should be replaced by real 
regional watershed models such as WSFS, along with recordings of the height 
of the sea water. Thus, in order better to model the gravity effect induced by 
global and regional water migration it is recommended to remove a certain area 
from the global models and replace it by a regional model (e.g. WSFS). In 
addition to this, knowledge of the sea level of the Baltic Sea is also needed to 
consider the loading effect at Metsähovi.  

The gravity calculated from the GRACE satellite solution has a poor horizontal 
and temporal resolution (about 300 km, one month) in comparison with the 
gravity components calculated by the other models used in this thesis. 
Nevertheless, GRACE detects large and stable phenomena such as glacial 
rebound and fluctuations in the water level of watersheds well. According to the 
results of this thesis, GRACE and WSFS correlate (82%) with the time lag 
(4.5.3). So, by joint inversion of the GRACE solution and the WSFS one can even 
improve the approximation of the gravity effect on a regional scale induced by 
the regional water balance. 

After a good enough hydrological model has been developed and verified by g 
on a local scale, the number of monitoring points can be reduced. Additionally, 
the hydrological response of the soil and groundwater must be known in 
different weather and soil moisture conditions and the representative 
monitoring points (precipitation, soil moisture, and groundwater level) must be 
available at the study site. The reduction of the number of observation points 
simplifies the monitoring of the local gravity effect and makes its reduction 
possible even in real time.  

GRACE solutions have been mentioned as a beneficiary of SG data since the 
SG delivers the essential information on local gravity (Crossley et al., 2012). 
According to this study, this is not so straightforward. The SG is sensitive to 
regional and global water changes (through the loading effect), as is GRACE 
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(through Newton’s attraction). Additionally, the SG is sensitive to the local 
water balance (both short- and long-term effects), but GRACE is not. The water 
balance near the SG is only a marginal matter (< 1%) on a regional scale and 
may not even necessarily represent the regional hydrology at all. Even if the 
gravity effect of short-term phenomena and sources could be eliminated from 
the total gravity, the remaining long-term effects could not be addressed either 
on a local or regional scale. This is due to the difficulties involved in validating 
GRACE solutions by the SG. 
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6. Summary and conclusion 

In this doctoral thesis, the changing amounts of soil and groundwater as a local 
gravity source were studied by means of the ranging of g and time-lapse gravity 
modelling based on a 3D geological model of the study site and monitoring the 
soil water and groundwater. By calculating the gravity impact of isolated local 
sources and phenomena and comparing their impact to the total gravity of the 
corresponding Bouguer sheet, their relative contributions were determined. 
With the help of regression analysis, the local gravity effect of the total g at 
Metsähovi was estimated in order to gain the global gravity as a residual. By 
eliminating g derived from global meteorological models (Era Interim, GLDAS) 
the local gravity effect as a residual, as well as the goodness of the local 
hydrological model, was evaluated. Additionally, options to validate GRACE 
satellite solutions by means of the local gravity effect measured by the SG were 
studied. As a whole, this investigation shows the significance of local gravity 
sources, and especially the significance of their location, for many applications. 
Furthermore, the immediate vicinity of the gravity sensor should be modelled 
separately along with the local, regional, and global scales. 

The investigations showed that non-homogeneous ground contains several 
phenomena and factors influencing gravity. Modelling dynamic gravity will 
remain challenging, particularly because several long- and short-term effects 
are integrated together in the measured g. Therefore, the ranging of the gravity 
effect for different phenomena and factors was performed. Two short-term 
effects, rainwater on the surface of the study site and in the fractures in the 
bedrock above the groundwater table, turned out to be detectable with a 
magnitude of hundreds of ngal. All the other gravity effects that were recognized 
were somehow linked either to the non-homogeneous ground or the differences 
in the hydraulic conductivity of the ground. These effects must be isolated 
because of their different origin and wavelength. Their magnitude can be several 
hundred ngal and their sum effect even more. Although the hydrological model 
of Metsähovi is not complete, now its hydrology is better known and the dense 
updated 3D time-lapse model is better than ever before. 
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