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Knowing the soil moisture distribution in the unsaturated zone can im-
prove understanding the water flow through the unsaturated zone and thereby 
enable the calculation of aquifer recharge, which occurs through precipitation. 
One part of the Zagreb aquifer recharge occurs through infiltration from pre-
cipitation. In order to observe and model infiltration from precipitation through 
the unsaturated zone, the research polygon was constructed at the Velika Gori-
ca well field, located in the southern part of the Zagreb aquifer, Croatia, where 
hourly measurements of electric conductivity (EC) and soil moisture content 
were carried out. EC and soil moisture data are measured by Time Domain 
Reflectometry (TDR) probes which are placed at different depths in the unsatu-
rated zone. Furthermore, electrical resistivity tomography (ERT) measurements 
were conducted. Geophysical data, along with moisture and EC data from TDR 
probes, were used as input data for MoisturEC software, in order to obtain soil 
moisture distribution along a 2D profile. MoisturEC program offers three op-
tions for translating EC data to moisture content data which are all tested in 
this research. We obtained eight moisture content distributions along the ob-
served profile and concluded that MoisturEC provides reasonable results with 
input data from geophysical measurements and TDR probe measurements. Soil 
moisture distribution in the unsaturated zone represents the initial conditions 
for further unsaturated flow modeling. Understanding the flow in the unsatu-
rated zone enables the quantification of effective infiltration and can improve 
groundwater management.

Keywords: unsaturated zone, soil moisture content, Time Domain Reflectometry 
(TDR), electrical resistivity, Zagreb aquifer, MoisturEC program

1. Introduction

Groundwater reserves of the Zagreb aquifer represent the only source of 
potable water for the inhabitants of the City of Zagreb and Zagreb County. In past 
decades, groundwater level decline has been identified in the Zagreb aquifer 
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(Vujević and Posavec, 2018). Consequently, it became important to understand 
and quantify the recharge mechanisms for the proper and sustainable manage-
ment of this natural resource. According to Posavec (2006), recharge of the Zagreb 
aquifer mostly occurs through recharge from the Sava River, infiltration from 
precipitation, recharge from leaky water supply and sewerage network, by water 
inflow through the western boundary from the adjacent Samobor-Zaprešić aqui-
fer and by water inflow through the southern boundary from the Vukomeričke 
Gorice hills. Infiltration from precipitation, as one of the main recharge compo-
nents of the Zagreb aquifer, is more closely studied as a part of this research. Soil 
moisture content is the water contained in the unsaturated soil area and controls 
the amount of precipitation infiltration, groundwater recharge, evapotranspira-
tion and crop growth. Numerous soil moisture measurement methods exist, for 
example Time Domain Reflectometry (TDR) probes, neutron probes, gamma-ray 
attenuation, capacitance and frequency domain reflectometry, etc., but the vast 
majority of them are soil-invasive, time-consuming, or provide only local informa-
tion at sparse locations. Geophysical mapping of soil moisture can provide infor-
mation about soil moisture noninvasively and over larger areas. Many authors 
reported about the connection between geophysical data and soil moisture 
(LaBrecque et al., 1992; Sheets and Hendrickx, 1995; Archie, 1942; Binley et al., 
2002; Looms et al., 2008; de Jong et al., 2020), but there were no straightforward 
software tools which would facilitate geophysical mapping of soil moisture. Geo-
physical methods such as direct-current electrical resistivity, electromagnetic 
induction, nuclear magnetic resonance, ground-penetrating radar, seismic and 
time-lapse gravity have sensitivity to soil moisture. Electrical conductivity (EC) 
can be derived from electrical or electromagnetic induction methods, which can 
provide one-, two- and three-dimensional surveys. Terry et al. (2018) presented 
MoisturEC, a software written in R language, which simplifies the translation of 
EC data into soil moisture data and enables filling in the blanks between mea-
surement locations. In this research, the MoisturEC program is used to obtain 
2D soil moisture profiles of the unsaturated zone in the area of the Velika Gorica 
well field. Input data consisted of EC data derived from electrical resistivity mea-
surements, point moisture data measured with TDR probes, and calibration file 
containing EC and moisture data measured with TDR probes as well. Electrical 
resistivity data were obtained from a 2D geophysical survey using the electrical 
resistivity tomography method. Moisture content distribution at the observed 2D 
unsaturated zone profile represents an initial condition in the unsaturated flow 
model and therefore represents a valuable model input variable.

2. Study area

The study site is located in the southern part of the Zagreb aquifer (Fig. 1) 
where a research polygon is constructed at the Velika Gorica well field, in order 
to observe and measure processes in the unsaturated zone.
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Zagreb aquifer is composed mainly of Quaternary sediments. During the 
Pleistocene, this area was covered with lakes and marshes. Neighboring moun-
tains (Mt. Medvednica, Vukomeričke gorice hills, Samoborsko gorje hills) were 
susceptible to intensive erosion. This weathered material was carried along 
streams and deposited in lakes and marshes at the beginning of the Holocene. 
Climate and tectonic processes enabled the river Sava to cut its course transport-
ing material from the Alps (Velić and Durn, 1993; Velić et al., 1999). Intensities 
varied due to climate conditions, with high intensities during warm and wet 
periods and reduced intensities during dry and cold periods. The consequence of 
such deposition conditions was pronounced heterogeneity and anisotropy of the 
aquifer sediments as well as unequal distribution of the aquifer thicknesses. The 
composition of the lower Pleistocene deposits is predominantly yellowish-red, 
yellowish-orange, and yellowish-brown, clayey silts/silty clays with sporadic 
lenses and interbeds of gravelly-sands. The lower and middle part of the Middle 
Pleistocene unit is predominantly composed of grey-colored sands while the up-
per part comprises grey-colored or red to yellowish-brown mottled silt and clay-
sized material (Velić and Durn, 1993). Frequent lateral changes of gravels, sands, 
silts, and clays occur in the Upper Pleistocene unit. The Holocene is composed 

Figure 1. Location of the study area within the Zagreb aquifer domain.
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of pale, yellowish-grey colored gravels and sands in which limestone cobbles 
prevail. Quaternary deposits are divided into three basic units: aquifer system 
overburden i.e. soil zone built of clay and silt, shallow Holocene aquifer built of 
alluvial deposits i.e. medium-grain gravel mixed with sands, and deeper aquifer 
from Middle and Upper Pleistocene built of lacustrine-marshy deposits, with 
frequent lateral and vertical alterations of gravel, sand and clay (Fig. 2).

The research polygon consists of a research pit and a weather station where 
different measuring instruments for unsaturated zone monitoring are installed. 
The profile encompasses the aquifer system overburden, i.e. the soil zone, and 
the alluvial deposits composed of unsaturated gravels and sands down to the 
water table, i.e. the saturated zone. The thickness of the unsaturated zone at the 

Figure 2. Schematic hydrogeological cross-section of Zagreb aquifer.

Table 1. Granulometric data and TDR probe positions (modified according to Ružičić et al. (2019) 
and Kukolja (2018)).

Depth 
(cm)

Gravel 
(%) Sand (%) Silt (%) Clay (%) TDR 

probe
USDA 
texture 

class

Total 
porosity 

(%)

Bulk 
density 
(g/cm3)

0–15 0.00 18.30 54.83 26.87 TP1 Silt loam 46.70 1.37

15–55 0.00 5.14 55.33 39.53 TP2 Silt clay 
loam 45.70 1.41

55–90 0.74 12.98 50.75 35.53 TP3 Silt clay 
loam 39.53 1.59

90–117 52.20 1.50 45.65 0.64 TP4 – – –
160 – – – – TP5 – – –
200 60.30 38.90 0.80 – TP6 – – –
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study site varies between 4.5 and 7.7 meters, depending on the groundwater 
levels. The wider study area is generally covered by three main pedological units: 
Fluvisols, Stagnosols, and Eutric Cambisols deposited on Holocene gravels and 
sands (Ružičić, 2013), while the research polygon itself is situated in Eutric 
Cambisols deposited on Holocene sediments (Bogunović et al., 1998). According 
to the United States Department of Agriculture (USDA) soil textural classifica-
tion, the first 90 centimeters of the observed research pit profile is comprised of 
silt loam and silt clay loam (Tab. 1), while gravels with sands dominate down to 
the water table. The studied profile location is covered with grass all season.

The research pit was constructed in the near vicinity of the pumping well 
B-1 at the Velika Gorica well field (Fig. 3). The Velika Gorica well field has five 
pumping wells which pump groundwater for the public water supply of the city 
of Zagreb and the city of Velika Gorica.

3. Materials and methods

3.1. Field measurements
The studied unsaturated zone profile is the eastern wall of the research pit 

(Figs. 3–5), where TDR probes (IMKO Trime Pico 64) are installed. TDR probes 
measure hourly moisture content, and EC and the measurements are saved to 
the Datataker DT80 and GlobeLog (IMKO) data loggers.  TDR probes are situ-
ated at the following depths: –10 cm, –35 cm, –74 cm, –100 cm, –160 cm and 
–200 cm (Tabs. 1 and 2, Fig. 4). The observed unsaturated zone profile is 300 
centimeters long and 300 centimeters deep. A-A’ 2D profile has dimensions 

Figure 3. Location of the research polygon.
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300 cm × 300 cm because it represents the geometry of future numerical water 
flow model through the unsaturated zone.

In order to establish the initial distribution of soil moisture in the unsatu-
rated zone, TDR probes were installed along with the observed unsaturated 
profile at different depths. TDR method is an electromagnetic method that de-

Figure 4. Research pit design and TDR probe positions.

Figure 5. Eastern wall of the research pit with installed TDR probes (TP1 to TP6) – view from inside.
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termines the propagation velocity of a voltage pulse sent into the soil through 
the probe’s metallic rod. The voltage pulse propagates as an electromagnetic 
wave. The propagation velocity is calculated from the travel time of the voltage 
pulse and the length of the probe (Topp and Reynolds, 1998). The velocity of the 
pulse changes with the change of soil moisture content due to the relatively large 
dielectric value of water compared to the small dielectric value of solid materials 
(Malicki et al., 1992).

The geophysical survey took place on November 8, 2019. The method used 
was the electrical resistivity tomography method, which is frequently used in 

Figure 7. The inverse resistivity model and magnified section of the observed A-A’ profile.

Figure 6. Location of the geophysical profile and the research pit.
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shallow hydrogeological, geotechnical, and other research (Šumanovac and 
Weisser, 2001; Šumanovac, 2006). Electrical resistivity measurements were per-
formed using the Terrameter SAS 1000 and the automatic multielectrode system 
LIS (Lund Imaging System) from the Swedish company ABEM. The electrodes 
were arranged in a 50 meter long profile using a Wenner array at 0.5 m unit 
electrode spacing. The studied unsaturated zone profile (A-A’) is situated in the 
middle of the geophysical profile, approximately at a distance of 25 m (Figs. 6 
and 7). Electrical resistivity tomography data are interpreted using Res2dInv 
geoelectrical inversion software (Loke and Berker, 1995,1996). The data con-
verged within five iterations and the measure of fit between inverted and mea-
sured data is 3.1%.

3.2. MoisturEC

MoisturEC is a software written in R (R Core Team, 2017) with a graphical 
user interface that combines EC data from geophysical measurements, point 
moisture measurements from the field, and optional inputs of calibration and 
resolution data in order to convert EC data to moisture through a petrophysical 
transform function (Terry et al., 2018). The final result of moisture estimates is 
an optimal trade-off between data fit and smoothing. Users can choose between 
three options of translating EC data into soil moisture. All three options have 
two mandatory input data – EC and point moisture, in the form of Comma 
Separated Values (.CSV) files containing coordinate information, data values, 
and percent error in five columns. EC values must be in S/m and point moisture 
values must be in fractional values.

The first option allows users to perform a rearranged Archie’s law equation:
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=    ws
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q Ø
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where q is moisture content (–), Ø is total porosity (–), sb is bulk conductivity of 
soil (S/m), Øint is effective porosity (–), sw – pore fluid conductivity (S/m), m is 
cementation factor related to pore geometry (–) and n is exponent describing the 
variation in the conductivity of material due to the water content in pores (–).

In addition to point moisture values and EC values, the user also must enter 
values of Archie parameters listed above. In practice, the information on most 
of the parameters in Eq. (1) is usually not available or limited. Therefore, the 
program offers the second option that allows the user to enter a CSV calibration 
file containing EC values and moisture content values that form a relationship. 
These values can be obtained, for example, through a wetting experiment using a 
soil sample from the site of interest. MoisturEC estimates the parameters through 
a linear regression:
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There is also a third option, where MoisturEC processes the data using Eq. 
(2). Here the program uses point moisture information and finds the nearest 
(spatially) EC values to calculate the parameters of Eq. (2).

Moisture content in grid nodes m are estimated through a linear solution of 
the equation:

 1 1T T T
D DJ C D D m J C d− −+ =a[ ]  (4)

where d is a column vector of all moisture data and it consists of combined point 
moisture and EC-derived estimates of moisture content, J is the Jacobian matrix 
(in this case J consists of ones in the rows and columns that correspond to the 
nearest grid point in which data are available; elsewhere zero), CD is a diagonal 
covariance matrix which consists of the measurement error variances e (and CD

–1 
are the data weights), D is regularization matrix consisting of a first derivative 
finite-difference filter between adjacent model elements, and a is the tradeoff 
parameter that controls the balance between regularization criteria and data 
misfit. Larger values for a promote an increasingly flat solution. For the first 
estimate, a is set to 1 (equal trade between smoothing and data misfit). The 
trade-off value is then repeatedly perturbed to find an optimum value for a to 
compute the final set of model parameters m. Optimum a value means that the 
data misfit between the data itself (EC-derived moisture and point moisture) 
and the linear solution of Eq. (4) is in the order of magnitude of the estimated 
input errors, which include data errors and Archie or calibration parameter 
 errors.

4. Results and discussion

A geophysical survey at the research location was performed in order to 
obtain the distribution of electrical resistivity values of the observed soil profile 
A-A’. Small electrode spacing (0.5 m), and near-surface study area are favorable 
for determining the true resistivity since the pseudosection is dominated by the 
near-surface structure. Figure 7 displays electrical resistivity data of 50 m long 
profile and magnified section with the position of A-A’ profile and TDR probes. 
In the near-surface zone of the entire profile, resistivity is low (< 50 Ωm). The 
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thickness of this near-surface layer of silt/silty clay varies and is generally be-
tween 1 and 2 m (Tab. 1). At a depth of about 2 m, resistivity increases, indicat-
ing a sandy-gravelly layer. Lateral changes in resistivity of this layer indicate 
significant changes in granulometric composition, and the highest resistivities 
are detected at and near the location of the research pit. The resistivity of these 
deposits is > 300 Ωm and goes beyond 600 Ωm, indicating dry gravels above the 
groundwater level which show moisture content of around 6% (Tab. 2). The sharp 
resistivity transition in the second half of the profile relates to the transition 
from silty and clayey material to the unsaturated gravelly and sandy sediments, 
which is consistent with the granulometric data in Tab. 1. Given the marked 
heterogeneity of the Zagreb aquifer, sudden lateral and vertical changes in gran-
ulometric composition are a common occurrence.

The measurements of moisture content obtained by TDR probes on Novem-
ber 8, 2019, at 11 a.m. are presented in Tab. 2. Along with geophysical data, they 
are mandatory input data for the MoisturEC program. The measurement time 
corresponds to the geophysical survey time (November 8, 2019, 11 a.m.).

All three possible options in the MoisturEC program were tested. In the op-
tion where the calibration file is used, 6 different calibration files obtained from 
6 different TDR probes were tested. Our calibration curves presented in Fig. 8 
were obtained under natural conditions, i.e., they represent raw field data of EC 
and moisture content, unlike calibration curves obtained from an induced wet-
ting experiment, as suggested by Terry et al. (2018). As hourly measurements 
of moisture content and EC were available in each of the 6 TDR probes, several 
calibration curves (from different measurement periods) for each probe were 
considered, and the most representative ones were used in the MoisturEC pro-
gram. Moisture content and EC calibration data used in MoisturEC are pre-
sented in Fig. 8.

The results of the moisture content distribution θ (–) along the observed A-A’ 
profile obtained by the MoisturEC program using different calibration curves 
are presented in Fig. 9. White circles indicate TDR probe positions. For calibra-
tion data from the TP1 probe (Fig. 9a), moisture content values in the top 90 cm 
of unsaturated zone profile, where silty and clayey materials dominate, vary 
between 30 and 50%. These values are realistic, and they are the best fit for the 

Table 2. EC and moisture content values measured by TDR probes on November 8, 2019, 11 a.m. with 
depths (y) and distances (x) along A-A’ profile.

TDR probe  
position

TP1 
y = –0.1 m 
x = 25.77 m

TP2 
y = –0.35 m 
x = 25.48 m

TP3 
y = –0.74 m 
x = 25.37 m

TP4 
y = –1 m 

x = 25.23 m

TP5 
y = –1.6 m 
x = 24.9 m

TP6 
y = –2 m 

x = 24.63 m
Electric  
conductivity (S/m) 0.0372 0.0399 0.0216 0.0264 0.0217 0.0164

Moisture  
content (–) 0.407 0.394 0.363 0.246 0.095 0.059
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measured moisture content values in the field for all TDR probes (Tab. 2). Mois-
ture content values in gravelly material that can be found at depths below 
–160 cm are less than 15%, which also correspond to TDR measurements dis-
played in Tab. 2. Moisture content values around –100 cm depth, where the TP4 
probe is located, are 20% or less, which is somewhat lower than expected, i.e. 
24%. With calibration data from the TP2 probe (Fig. 9b), MoisturEC didn’t obtain 
realistic results except for small yellow areas around –35 cm depth where mois-
ture content values are around 37%. For the rest of A-A’ profile area moisture 
content values are too low (17% at –10 cm depth and less than 5% below 90 cm 
depth). Very similar results were obtained using TP5 calibration data (Fig. 9e), 
only here moisture content values are found to be even lower at a depth of 
–10 cm, and amounted to around 12%. With calibration data from the TP3 probe 
(Fig. 9c), moisture content values mostly correspond to values presented in Tab. 
2, except for light green areas around –35 cm depth where moisture content 
values are too high (around 65%) compared to Tab. 2. Moisture content values 
obtained by calibration file from TP4 probe (Fig. 9d) showed too low moisture 
values for the profile part above –150 cm depth compared to the values in Tab. 
2. Figure 9f presents moisture content values obtained by calibration file from 
the TP6 probe, and they are too low for the whole A-A’ profile area compared to 
the measured values presented in Tab. 2. Questionable MoisturEC results of 
moisture content distribution presented in Figs. 9b-f may indicate that the cali-
bration curves are not suitable input data in the case when they cover a small 

Figure 8. Calibration data used in the MoisturEC program.
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range of moisture content values (less than 10%). Therefore, the conclusion was 
made that the calibration data from the TP1 probe (Fig. 9a) can be used as the 
best fit if we use the calibration curve as input data for the MoisturEC program.

Apart from using calibration curves to obtain moisture content values on 
A-A’ profile, the remaining two options of the MoisturEC program were tested, 
including only geophysical data and point moisture data as input data. Figure 
10a presents moisture content distribution on A-A’ profile obtained by using the 

Figure 9. MoisturEC results of moisture content distribution along A-A’ profile obtained by using 
calibration data from: a) TP1 probe, b) TP2 probe, c) TP3 probe, d) TP4 probe, e) TP5 probe, and f) 
TP6 probe. White circles indicate TDR probe positions listed in Tab. 2.
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rearranged Archie’s law. Archie parameters were: Ø = 0.3, Øint = 0.2,  = 0.5,  = 2,  
= 2. The resulting moisture content values on A-A’ profile fully correspond to the 
measured values displayed in Tab. 2 at all depths. Finally, Fig. 10b shows mois-
ture content values in the case when MoisturEC uses point moisture information 
and finds the nearest (spatially) EC values in order to calculate the parameters 
of Eq. (2). The lateral distribution of moisture content is somewhat different from 
all previous MoisturEC results, but in most areas of the profile, moisture content 
values are consistent with values in Tab. 2. The largest difference between mea-
sured and calculated values can be seen at the depth of –74 cm, where moisture 
content is calculated as 23%, which is 13% lower than the actual measured 
value of 36%. Briefly, the results presented in Fig. 10 suggest that the MoisturEC 
program provides reasonable results in case when the calibration curves are not 
available.

5. Conclusions

Geophysical methods have a great potential to advance the mapping of soil 
moisture and thereby improve groundwater management. In this research, the 
MoisturEC program is used to provide moisture content distribution at the ob-
served 2D unsaturated zone profile located at Velika Gorica well field site, Zagreb 
aquifer, based on electrical resistivity tomography measurements and measure-
ments provided by the TDR probes. Mandatory input data consist of inverse 
values of electrical resistivity data and point moisture data. Optionally, the user 
can enter a calibration file containing EC and moisture content data of a spe-
cific soil sample. MoisturEC program offers three options of translation EC to a 
moisture content which are all tested in this research. When the calibration 
curves option was used, realistic moisture content distribution results along the 

Figure 10. MoisturEC results of moisture content distribution along A-A’ profile obtained by a) us-
ing rearranged Archie’s law equation and b) by using only point moisture data measured by TDR 
probes and EC data from the geo-physical survey. White circles indicate TDR probe positions listed 
in Tab. 2.
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observed profile were obtained using the calibration curve for the TP1 probe. As 
for the remaining 5 TDR probes, the resulting moisture content distributions 
along the observed profile are not convincing given the measured values obtained 
by TDR probes. A possible cause of such results may be that the calibration 
curves don’t cover a sufficiently large range of moisture content values for a 
specific soil or sediment. Therefore, if calibration curves are used as input data, 
it is preferable to conduct a saturation experiment for the soil of interest, as sug-
gested by Terry et al. (2018). However, if calibration curves aren’t available, 
MoisturEC can provide reasonable results that are consistent with the measured 
data in the research pit with input data from geophysical measurements and 
TDR probe measurements only. Moisture content distribution at the unsatu-
rated zone profile represents an initial condition for the unsaturated flow model 
and therefore represents a valuable model input variable.
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SAŽETAK

Određivanje sadržaja vode u tlu pomoću rezultata geofizičkih 
istraživanja na području vodocrpilišta Velika Gorica, zagrebački 

vodonosnik
Laura Bačani, Kristijan Posavec, Franjo Šumanovac i Josipa Kapuralić

Poznavanje raspodjele vlažnosti u nesaturiranoj zoni može doprinijeti razumijevan-
ju toka vode kroz nesaturiranu zonu a time i omogućiti izračun prihranjivanja vodonos-
nika putem oborine. Jedan dio prihranjivanja zagrebačkog vodonosnika čini oborina. U 
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cilju promatranja i modeliranja infiltracije oborine kroz nesaturiranu zonu izgrađen je 
znanstveno-istraživački poligon na vodocrpilištu Velika Gorica, u južnom dijelu 
zagrebačkog vodonosnika, u kojem postoje satna mjerenja električne vodljivosti i sadržaja 
vode u tlu. Električna vodljivost i vlažnost mjere se TDR (eng. Time Domain Reflectom-
etry) sondama koje su postavljene na različitim dubinama u nesaturiranoj zoni. Nadalje, 
provedena su i geofizička mjerenja gdje je korištena metoda električne tomografije. Po-
daci dobiveni geofizičkim istraživanjem te podaci o električnoj vodljivosti i vlažnosti 
dobiveni mjerenjima u TDR sondama korišteni su kao ulazni podaci za MoisturEC pro-
gram u cilju dobivanja raspodjele vlažnosti na promatranom 2D profilu. U ovom 
istraživanju su testirane tri opcije MoisturEC programa za prevođenje podataka o 
električnim vodljivostima u podatke o sadržaju vode. Ukupno je dobiveno osam raspodjela 
vlažnosti po promatranom profilu te se može zaključiti da MoisturEC program daje ra-
zumne rezultate u slučaju kada su dostupni ulazni podaci o električnim vodljivostima na 
promatranom profilu te točkasti podaci o sadržaju vlage iz TDR sondi. Raspodjela vlažnosti 
u nesaturiranoj zoni može poslužiti kao početni uvjet pri modeliranju toka vode u nesat-
uriranoj zoni. Razumijevanje toka vode u nesaturiranoj zoni omogućava kvantifikaciju 
efektivne infiltracije, a time i bolje upravljanje podzemnim vodama.

Ključne riječi: nesaturirana zona, sadržaj vode u tlu, TDR metoda, električna otpornost, 
zagrebački vodonosnik, MoisturEC program
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